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Improvements in the fields of lithium-ion batteries, light emitting diodes 
(LED) and photovoltaic (PV) modules in recent years have significantly 
brought down the cost of solar off-grid systems. Especially lithium-iron 
phosphate (LiFePO4) batteries, notably used in electric vehicles, show very 
promising features like a higher cycle life than other battery technologies and 
a higher energy storage density, which make them highly suited for use in 
stand-alone solar applications such as solar street lights. This Master thesis 
proposes a new and innovative solar-powered street light with a specific focus 
on the design of the software, highly efficient electronics (charge controller 
and LED driver) and IP65 housing with passive cooling concept. In addition, 
results from the prototype test phase with 30 lamps in different climatic 
conditions around the world are reported and the overall system performance 
based on extracted values from built-in dataloggers is evaluated. The thesis 
concludes with steps for preparation of the initial serial production and supply 
chain management.  
xi 
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Chapter 1: Introduction 
“I’d put my money on the sun and solar energy. What a source of power!        
I hope we don’t have to wait until oil and coal run out before we tackle that.    
I wish I had more years left.” (Thomas Edison, 1847-1931) 
Thomas Edison was predicting a shift of technology for energy generation 
from fossil fuel based to clean and renewable energy by harvesting the energy 
from the sun and he was predicting that one day this would also be a good idea 
to invest money in.  Through different incentive programmes that increased 
worldwide production volumes of photovoltaic (PV) modules, it was possible 
to achieve a huge price decrease of solar electricity and making it an 
economically viable option in many markets globally. But, according to the 
United Nations, at the same time there are still more than 1.4 billion people 
without access to modern energy - probably something T. Edison had not 
anticipated. These people don’t even benefit from the simplest energy services 
like having light in the evening. In fact, small-scale - so-called “solar-pico 
systems” - could achieve that at a fraction of the cost that they spend on 
kerosene or dry cell battery lamps. In addition the use of kerosene causes great 
harm to human health. Recent studies from Dias et al. and Martinez et al. [20, 
46] suggest that having access to energy is also correlated with the human 
development index (HDI) value of a country. The HDI is a measure of the 
wellbeing of citizens of a country which includes health, education and safety 
related factors. They have shown that once people are able to consume more 
energy their HDI value increases exponentially to a certain level of develop-
ment before levelling off, as can be seen in Figure 1. Therefore, one can 
2 
conclude that by providing energy - and ideally green energy - it is possible to 
significantly improve the daily life, especially in developing countries.  
 
Figure 1 2010 data from the United Nations Development Program and U.S. Energy Information 
Administration was used to plot the energy consumption of a country versus the HDI value that 
country. In general, countries with a HDI value larger than 0.8 can be considered as a ‘developed’ 
nation. 
 
By providing solar-powered street lights to rural areas in particular it is 
possible to reach a large number of people with minimal investment cost since 
no electricity grid is needed and hence the large cost for cabling can be 
avoided.  
So far the solar street lights available in the global market are either too 
expensive, since they are oversized due to inefficient components, and/or 
focus more on the design aspect and not on cost effectiveness, which is critical 
for emerging markets. Cheaper second-tier products can also be found on the 
market, but they lack the efficiency and durability commonly found in higher-
priced solar street lights. 
3 
Therefore this project proposed to design, prototype and test a high-efficiency 
solar-powered street light by utilizing recent advancements on all three main 
components: the PV module, light emitting diodes (LEDs) and lithium iron 
phosphate batteries (LiFePO4), which are now commonly used for other 
applications in large volumes. The goal was also to develop a solar street light 
which is sustainable and affordable at the same time. 
The thesis consists of a thorough literature review in Chapter 2 covering all 
relevant topics related to this project before continuing with Chapter 3 
discussing the PV system dimensioning of the solar street light, introducing an 
innovative approach eliminating conventionally used solar charge controllers. 
Design and testing of the aluminium housing of the lamp is covered in 
Chapter 4, focussing on a new double-housing concept adapted from 
architecture. Chapter 5 covers the development of the electronic circuit and the 
design of the printed circuit board (PCB) while Chapter 6 covers the 
conducted component durability tests. The controlling software for the whole 
lamp is reported in Chapter 7 and the changes that were made from a 
previously existing software version are described. Chapter 8 reports on the 
production of 30 prototypes and the following field test conducted in several 
global locations including tracking of key operational parameters of the lamp. 
Before conclusions are drawn in Chapter 10, the setup of the production line 
and inventory management for the created spin-off company are covered in 
Chapter 9.   
4 
Chapter 2: Background and Literature 
2.1 Solar Systems 
2.1.1 Historical Background 
In 1839 Edmond Becquerel discovered the photovoltaic effect. More than a 
century later , Bell Laboratories in USA announced a 6% efficient type of 
silicon wafer-based solar cell which was then used to equip the Telstar satellite 
in 1962 [16]. Over the past 50 years, the PV industry has seen a growth of PV 
system sizes from a few milliwatts to megawatts, ranging from low-voltage 
DC to high-voltage AC systems. Applications include virtually anything from 
satellites to large power plants, with a total installed capacity of 201 GW 
cumulatively by 2014 [28]. While historically PV systems were mostly 
deployed as stand-alone systems, by 2009 more than 75% of PV installations 
were in fact grid-connected systems. This fundamental change was mostly 
influenced by subsidy programmes in Germany and other developed countries 
[44]. According to a recent study, more than three billion people are potential 
users of off-grid PV systems, but this market has not been exploited so far 
because of economic barriers and also lack of product supply in remote areas 
[29]. 
2.1.2 System types 
There are numerous types of solar PV systems in use with attributes that 
satisfy different needs of the end users; the following chart in Figure 2 gives a 
comprehensive overview of the systems used. In general, PV systems are 
categorized into two parts: “Off-grid” and “On-grid”. Typically on-grid 
systems come with a lower cost per kW for installation and maintenance since 
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they don’t require energy storage. However, if no grid connection is available, 
it is often cheaper to use an off-grid PV system in rural areas. Therefore off-
grid systems are often the most economic option compared to traditional 
solutions such as diesel generators, pure battery systems or extending the grid 
[76]. 
 
Figure 2 PV system taxonomy chart [44]. 
 
This thesis focusses on solar street lights, which are part of off-grid systems 
that also include applications that directly power small DC appliances such as 
lights, water pumps, fans and consumer goods. In order to be able to provide 
electricity at times which are not in synchronization with the generation 
pattern, energy storage is needed, which is most commonly solved by adding 
batteries to store the energy generated by the PV modules [34]. Key 
components of an off-grid system, as shown in Figure 3, are PV modules, 
charge controller, energy storage and DC loads. Those can be LEDs, fans, TV, 
6 
mobile phone charger or refrigerator [76]. Recent years have seen a consider-
able increase in demand for off-grid PV systems. This can be seen as side 
effect of the boom in on-grid applications which brought down the cost for PV 
modules significantly even driving the so-called levelised cost for electricity 
(LCOE) towards grid parity in many countries [8, 50]. 
 
Figure 3 Simplified diagram of DC PV system [44]. 
 
2.1.3 System characteristics 
Key characteristics of a solar PV system are performance, design, safety and 
reliability.  
The performance of a system can be measured by its total energy produced 
relative to the installed capacity and by meeting certain economic factors such 
as payback time of the initial investment. As for proper system design, in the 
case of off-grid systems it is common to judge a PV installation by its ability 
to supply the demand/load at any given point in time, irrespective of 
seasonality or weather phenomena. On the other hand, on-grid PV systems are 
gauged by supplying the maximum possible energy throughout the year. Both 
cases rely on proper system implementation, maintenance and installation 
practises.  
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Safety-wise it is essential that PV systems comply with local and international 
electrical, mechanical and other codes in the respective countries.  
Finally, reliability is the third part that “makes a good PV system”.  Since PV 
installations are commonly used for 25+ years it is important to ensure high 
reliability. This is even more important for off-grid applications since their 
users don’t have grid electricity as a back up and therefore fully depend on the 
energy from the solar system. During the design and development stage of a 
PV system it is therefore essential to consider all possible operating conditions 
such as, for example, extreme temperatures and humidity that potentially can 
increase failure rates [44]. 
2.1.4 Off-grid system components 
As outlined in Figure 3, PV off-grid systems generally consist of PV modules, 
solar charge controller, batteries and loads (DC or AC, which then requires an 
inverter). All of these four components need to be designed so that they 
optimally match each other in order to harvest the maximum amount of energy 
and reliably and efficiently operate the systems over its lifetime. 
2.1.4.1 PV modules 
The vast majority of today’s PV modules consist of wafer-based silicon cells, 
encapsulant material, cell tabbing, front and rear cover sheets, framing, and 
wires for interconnections. Typically wafer-based solar cells are fabricated 
from single crystalline (mono-Si) or multi crystalline silicon (multi-Si) ingots. 
They currently amount for almost 90% of all PV modules fabricated through-
out the world. Most of the other modules are made up of various thin-film 
technologies, such as amorphous silicon, CIGS (copper indium gallium di-
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selenide) or CdTe (cadmium telluride) [44]. The most important electrical 
parameters of PV cells are the open-circuit voltage (VOC), the short-circuit 
current (ISC), the maximum power point voltage (Vmpp), the maximum power 
point current (IMPP), the fill factor, temperature coefficients and the efficiency. 
2.1.4.1.1 PV module physics 
PV modules consist of several solar cells connected in series and in parallel. 
The individual solar cells are made of semiconductor materials (for example 
crystalline silicon) with bonded electrons occupying a band of energy called 
valence band. As soon as energy beyond a certain threshold, commonly 
referred to as the bandgap of the semiconductor, is applied to a valence band 
electron, the bond is broken and the electron is “free” to move around in a 
higher energy band referred to as conduction band where it is able to 
“conduct” electricity through the material. Hence, the free electrons in the 
conduction band are separated from the valence band by the bandgap 
(measured in units of electron volts or eV). Photons, which are particles of 
light, can supply the energy needed to excite an electron from the valence 
band to the conduction band. Please refer to Figure 4 for an idealized relation 
between energy and the spatial boundaries.  
The product of current times the voltage is the electrical power produced by 
the solar cell. The power produced is therefore the current (= electron flux) 
times the voltage at the cell terminals. The power generated by the cell 
depends on the intensity of sunlight, as well as the spectral distribution of the 
solar photons. Generally sunlight consists of photons distributed over a range 
of energy. Only photons whose energy is greater than the bandgap energy can 
excite electrons from the valence band to the conduction band, which is a 
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requirement for electrical power generation by the solar cell. Photons with 
insufficient energy can’t excite electrons to the conduction band and thus are 
not absorbed by the semiconductor (i.e., are lost for the PV effect). 
Furthermore, for those photons with energy larger than the bandgap, the 
energy that exceeds the bandgap energy is also unavailable for the PV effect 
and instead leads to a heating of the solar cell. Therefore, solar cells can be 20-
30°C warmer than the ambient temperature during operation, depending on the 
environmental conditions [44]. 
 
Figure 4 Schematic of a solar cell. Electrons are ‘lifted’ by photons from the valence band to the 
conduction band. They are extracted by a contact selective to the conduction band (n-doped 
semiconductor) at a higher (free) energy and delivered to an outside electric circuit where they can 
power the load, before they return to the valence band at a lower (free) energy by a contact 
selective to the valence band (p-type semiconductor) [44]. 
 
2.1.4.1.2 PV module electrical characteristics 
In order to obtain a more detailed understanding of the behaviour of a 
photovoltaic module, it is necessary to use computer simulations. As input 
data for these simulations the light irradiance, ambient temperature and others 
such as the ideality factor of the diode are used. Development of different 
mathematical models is extensively covered in literature and also different 
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approaches on how to model PV solar cells and modules are discussed [60, 14, 
54, 37, 6, 66, 73]. These models differ in the calculation procedures used, and 
the accuracy and the numbers of parameters involved to generate the typical 
current-voltage characteristics, which can be seen in Figure 5. Each PV 
module consists of a certain number of PV cells that are connected in parallel 
and in series connection in order to supply the desired output current and 
output voltage. Solar cells can be modelled as a current source in parallel with 
a diode which is also referred to as the ‘ideal model’. 
 
Figure 5 The I-V curve is commonly used to determine the PV module characteristics. Both 
current and power are shown in relation to a certain module voltage. The maximum power point is 
the condition which gives the highest power output. It depends on the irradiance and the module 
temperature [67]. 
 
In case of no illumination, the solar cell acts like a diode. With increasing light 
intensity, the current output is also increasing directly proportionally. Taking 
the case of an ideal diode, the current generated would be equal to the output 
current. But since an ideal cell does not exist we need to introduce a shunt 
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resistance and a series resistance into the mathematical model, as depicted in 
Figure 6 which shows the equivalent circuit of a modelled PV cell using the 
so-called ‘1-diode model’ or also referred to as the ‘model with ohmic losses’. 
The current source Pph represents the photocurrent of the solar cell. Rsh and Rs 
represent the intrinsic shunt and series resistances where Rsh usually is very 
large and can therefore be neglected in applied solar cell modelling [60]. 
2.1.4.1.3 One-diode model 
In order to build up the entire PV module, several solar cells have to be 
connected in series and in parallel configurations to form an array of solar 
cells based on mathematical modelling. When taking into account that Rsh is 
very large and therefore can be neglected as discussed above, the PV module 
can be expressed with the following equations (1) – (4) [14, 37, 55]. By 
introducing a load, the one-diode circuit can be described as seen in Figure 6. 
The advantage of this model is that the PV module characteristics can be 
modelled based on readily available PV module datasheet values which are 
provided by the manufacturer. 
 
Figure 6 Photovoltaic cell modelled with the 'one-diode model' [60]. 
Module photocurrent [60]: 
𝐼𝑝ℎ = [𝐼𝑆𝐶𝑟 + 𝐾𝑖(𝑇 − 298)] ∗
𝐺
1000
     (1) 
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       (2) 
Since the module reverse saturation current Irs varies with the cell temperature, 
its dependence is reflected in I0 [60]: 
















     (3) 
The total current output of the PV module is: 





− 1]  (4) 
where:  
Iph is the module photocurrent [A] 
Irs is the module reverse saturation current [A] 
VPV = VOC 
VPV is output voltage of a PV module [V] 
IPV is output current of a PV module [A] 
Tr is the reference temperature = 298 K 
T is the module operating temperature in [K] 
I0 is the light generated current of a PV module [A] 
A = B is an ideality factor = 1.6 
k is Boltzmann constant = 1.3805 x 10-23 J/K 
q is Electron charge 1.6 x 10-19 C 
RS is the series resistance of a PV module [Ω] 
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ISCr is the rated PV module short-circuit current at 25°C and 1000 W/m
2 
illumination [A] 
Ki is the temperature coefficient of the short-circuit current (Ki = 0.05%/K for 
c-Si according to a PV module suppliers’ datasheet [75] 
G is the PV module illumination [W/m2] 
Eg0 is the semiconductor bandgap (1.1 eV for c-Si) 
Ns is the number of cells connected in series 
NP is the number of cells connected in parallel 
 
2.1.4.2 Solar Charge Controller – Electronics 
In stand-alone PV systems, power conditioning units are used in order to 
match the specific characteristics of the PV generator, the battery and the 
connected loads. A battery charge controller is required in order to operate the 
battery within the limits specified by the battery manufacturer for end of 
charge and end of discharge voltages. The power conditioning unit also 
ensures that the PV generator is operated at, or near, its maximum power point 
(MPP) by varying the voltage and current that is used to power the load and/or 
charge the battery [68, 53]. For small stand-alone solar systems it is not 
always necessary to use MPP tracking because the losses in the electronics for 
the DC-DC conversion often overcompensate the gains. Therefore literature 
suggests to use a near maximum power point operation design (nMMPO) 
instead, which adapts the PV generator’s output to the load characteristics [34, 
51, 13]. 
The efficiency of solar charge controllers should generally be above 96% 
under rated charging and discharging conditions. Efficiency is defined as the 
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voltage drop between the PV input terminal and the battery terminal at full 
charging current. In addition to calculating the charging efficiency it is 
necessary to measure the voltage drop the between the battery terminal and the 
load terminal at full load currents [44]. A more detailed and accurate 
description on how to analyse the efficiency of stand-alone system charge 
controllers without MPPT tracking was introduced by Munoz et al. [51], 
which is using primarily charge parameters instead of the nominal battery 
voltage to determine the state of charge.  
Literature differentiates between the following three types of solar charge 
controllers: self-regulating, linear and switching charge controllers. 
2.1.4.2.1 Self-regulating charge controllers 
Small-scale solar systems, such as a house-number illumination or small 
power supplies for a pocket calculator, don’t necessarily require a charge 
controller. This is the case, for example, for NiMH or lead-acid battery 
systems under the condition that the current provided by the solar module is 
smaller than the maximum battery charging current. In order to prevent over-
charging, PV modules with a suitable number of solar cells matching the 
battery voltage need to be used. To further prevent reverse currents flowing 
into the PV module at night time, a series diode is needed. Generally, to 
ensure longer battery lifetime, this kind of self-regulating system should be 
avoided, especially since low-cost and yet reliable charge controllers are 
available on the market nowadays [44]. 
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2.1.4.2.2 Linear charge controllers 
For larger PV applications, available controllers are either so-called “linear 
charge controllers” (discussed below) or the more sophisticated “switching 
charge controllers” (discussed in the next section).  
For low-power stand-alone applications it is common to find conventional 
integrated low-drop-out (LDO) voltage controllers as shown in Figure 7. 
During the constant-current (CC) phase, while the battery voltage is lower 
than the end-of-charge voltage, the control element (commonly a MOSFET is 
used) S1 is fully closed. During this CC phase the operating point of the PV 
generator is determined by the current resulting from the insolation and the 
battery voltage. Power losses inside the control element are almost negligible 
during this phase. The voltage drop across the diode D1, as shown in Figure 7, 
which is commonly a Schottky diode, causes an additional power loss. This 
power loss can be minimized by replacing the blocking diode with a second 
MOSFET connected back-to-back in series with S1. In this design it is 
important to open both MOSFETS during night time in order to prevent 
reverse current flowing into the PV generator. 
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Figure 7 Principles of a linear solar charge controller. Commonly MOSFETs are used for S1 and 
S2 [76]. 
 
Once the end-of-charge voltage has been reached, the gate voltage for the 
MOSFET S1 needs to be reduced by the controller. This causes the output 
voltage to be constant while the charging current reduces slowly, depending 
on the battery’s increasing state of charge. During this phase the difference 
between the PV generator voltage and the battery voltage will occur at the 
transistor terminals and therefore causes heat generation; hence, the controller 
design needs to incorporate heat dissipation. This is one of the drawbacks of 
the linear charge controller. 
Discharge of the storage battery is controlled by S2, as long as the battery is 
within save voltage levels S2 is closed. Once the battery voltage falls below a 
certain deep discharge voltage level S2 will open and disconnect the load. 
2.1.4.2.3 Switching charge controllers 
The switching controller can overcome the heat dissipation problem of the 
linear controller which, from time to time, can be quite intense. It takes 
advantage of the fact that the control element is either fully closed 
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(conducting) or fully open (blocking) by using a pulse width modulation 
(PWM) signal to drive the switching element. Under ideal conditions the 
power loss is virtually zero because the voltage drop at the control element is 
effectively zero. Typically the switching element consists of a MOSFET. 
While the additional energy savings are not significant, the main advantages 
arise from the decrease in component costs (e.g. heat sinks) and the resulting 
increase in reliability due to less thermal stress.  
2.1.4.2.4 Control strategies 
Depending on the electrochemistry and the charging currents, a battery 
typically only gets 90-95% charged with the constant current method. In order 
to charge the remaining 5-10% it is necessary to use constant voltage (CV) 
charging. During this time the end-of-charge (EOC) level, usually determined 
by the battery technology, is kept constant while the current slowly decreases. 
Figure 8 compares the two commonly used techniques to achieve the CC/CV 
charging mode.  
The so-called “two-level controller” (see upper part of Figure 8) operates 
based on a threshold that is generally between 5 - 50 mV/cell lower than the 
end-of-charge voltage. The controller operates then in a fully open or fully 
closed mode and therefore either allows current to flow or fully prevents any 
current flow into the battery. Sequences get repeated periodically and charging 
pulses, depending on charge current and battery capacity, get shorter and 
shorter while intervals in between increase. Once the battery voltage does not 
fall below the threshold voltage the battery can be considered as fully charged. 
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The other control regime commonly found in practise is the “pulse-width 
modulation” (PWM) charging (see lower part of Figure 8). Generally it works 
with the same principles as the two-level controller but the switching 
frequency is fixed and determined by a clock generator. By changing the 
PWM ratio between charging time and the cycle period, the current flowing 
into the battery can be regulated and a constant voltage can be maintained 
until current flow comes to an end. 
 
Figure 8 Battery voltage and current during PWM charging commonly used for battery charging 
in stand-alone PV systems [44]. 
 
2.1.4.3 Batteries 
Typically, in stand-alone PV systems the periods of available generated power 
and the power consumption pattern of the load do not match. Therefore the use 
of a storage system is required to make solar power available whenever the 
demand requires it. A second benefit of a storage system is that it helps to 
buffer the variability of the solar power generation (which fluctuates with 
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cloud cover). The goal should always be to run the PV system without inter-
ruption; this means the minimum storage capacity should be enough for at 
least one night. In case of seasonal fluctuation of the irradiation (e.g. rainy 
seasons in the tropics) and power generated the storage capacity needs to be 
increased in order to bridge days where there is not enough sunshine. 
Typically literature and common practises recommend between 3-10 days of 
storage capacity depending on how critical the loads are [36]. Apart from few 
alternative storages (e.g. water in case of PV pumping systems), batteries are 
most common in off-grid PV systems. 
 
2.1.4.3.1 Battery characteristics 
In order to select the most appropriate battery technology for stand-alone PV 
systems, several aspects need to be considered. Table 1 gives a detailed 
overview of commonly used battery chemistries. The main characteristics are 
discussed in the following. 
2.1.4.3.1.1 Efficiency 
To evaluate efficiency of a storage technology, the full cycle has to be taken 
into account: charging, keeping the charge for a defined time, and discharging. 
Efficiency of a battery is defined as the ratio of energy that can be extracted 
(full discharge) from it and the total energy input (full battery charge) into the 
battery. 
2.1.4.3.1.2 Durability 
The expected lifetime, also referred to as durability, is an important key factor 
when selecting a storage technology. Durability depends on the number of 
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cycles, cycle depth and discharging the battery below a certain voltage level. 
The definition of a ‘cycle’ is given by the International Council on Large 
Electrical Systems (CIGRE) [30] as the following: ‘A cycle is a full charge 
and discharge of the battery. If the battery constantly is charged and 
discharged to 1% of the total capacity, the number of such cycles that the 
battery is expected to be able to perform will be 100 times as many as 
specified’. In addition, the ambient temperature can be a critical factor 
influencing the durability. Last but not least, ageing and self-discharge is 
always a factor that needs to be considered. 
2.1.4.3.1.3 Energy and power density 
In applications where weight and volume need to be minimized it is important 
to also consider the energy and power density, i.e. the so-called “energy/power 
ratio” of a battery technology. Figure 9 shows a so-called Ragone plot of the 
different battery technologies based on their specific power density versus 
specific energy density. It can be seen that Li-ion batteries cover a wide range 
and have advantages in both dimensions. 
 
Figure 9 Ragone plot of various battery technologies with specification at cell level, here taken 
from automotive applications [10]. 
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2.1.4.3.1.4 Reliability 
Reliability can be defined as: ‘The probability of a device performing its 
intended function over a specified period of time under stated conditions’ [24]. 
Commonly it is evaluated by using different additional indices such as ‘Mean 
Time Between Failures’ (MTBF) and ‘Mean Time To Recovery’ (MTTR).  
2.1.4.3.1.5 Availability 
Availability is the proportion of time a device or system is in fully functioning 
conditions and can be calculated as (5): 
                 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑀𝑇𝐵𝐹
(𝑀𝑇𝐵𝐹+𝑀𝑇𝑇𝑅)
                   (5) 
As an example, an availability of 99.9% is equivalent to an MTTR of 1 h in 




Table 1 General table of battery technologies used in electrical storage systems and their 
characteristics adapted from Ferreira et al. [24, 31, 21, 47, 82, 49, 91]. 
 Lead-
acid 
Ni-Cd NiMH Li-ion NaS ZEBRA 




0.1-50 0.05-34 0.001-1 
Discharge duration 
(h) 
h s-h s-h 0.1-5 5-8 min - 8 h 
Gravimetric energy 
density (Wh/kg) 
30-50 50-75 30-110 75-250 150-240 100-140 
Volumetric energy 
density (Wh/l) 

















60-66% 85-90% 75-90% ~ 90% 
Durability (years) 5-15 
(~10) 

































lower to 5-higher) 
5 4 4 4 4 4 
Availability 





Recent years have shown significant cost reductions in the field of 
electrochemical storage technologies. This was mainly achieved by the 
steadily growing electric vehicle market, which heavily relies on batteries and 
therefore led to higher economies of scale, resulting in lower production cost. 
Batteries in electric vehicles still remain the single most expensive part and it 
is essential for a larger adoption of electric vehicles to bring down the cost and 
optimize the available technologies [10]. The same is true for stand-alone PV 
systems, where batteries in general now make up the highest share of the 
initial investment cost and are considered the weakest element in the entire 
system as can be seen in Figure 10, comparing the PV system component cost 
over their lifetime for a reference system [36]. 
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Figure 10 Relative annual cost of the components of a small stand-alone PV system with lead-acid 
battery [36]. 
2.1.4.3.2 Lithium-ion batteries 
Lithium-ion batteries, as illustrated in Figure 11, have already achieved 
significant penetration into the portable consumer electronics market and have 
made the transition into the hybrid and electric vehicle market. The growth of 
these fast-growing applications significantly brought down prices for Li-ion 
batteries [15, 1]. Continued cost reduction and even longer lifetime will likely 
further increase the share of applications for this battery [21]. There are three 
types of Li-ion batteries commonly available on the market today: cobalt, 
manganese and phosphate. 
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Figure 11 Structure of lithium-ion 18650 cell [65]. 
 
The cathode acts as the positive electrode while the anode is the negative 
electrode and electrolyte acts as the conductor. Generally for a lithium-ion 
battery the cathode is a metal oxide and the anode consists of porous carbon. 
During discharging, the ions flow from the cathode towards the anode through 
the electrolyte and separator (see Figure 11). During charging, this process 
reverses the direction and the ions flow from the cathode towards the anode. In 
other words, during discharge the anode undergoes oxidation (loss of 
electrons), and the cathode experiences a reduction of electrons. Charging 
reverses this process. 
Lithium-ion batteries commonly use the following cathode materials: Lithium 
cobalt oxide, lithium manganese oxide and lithium iron phosphate, all of 
which have different theoretical energy limits, as can be seen in Table 2 [92]. 
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Voltage 3.60 V 3.80 V 3.30 V 
Charge limit 4.20 V 4.20 V 3.60 V 
Cycle life 500 - 1,000 500 - 1,000 1,000 - 2,000 
Specific energy 150-190 Wh/kg 100-135 Wh/kg 90-120 Wh/kg 
 
Compared to other commercially available batteries, as Table 1 has shown, 
lithium-ion batteries have a good performance in terms of power density, 
efficiency and durability which makes this type of battery suitable for stand-
alone PV applications, with the potential to significantly bring down the total 
system cost over its entire lifetime [80, 10]. Based on further promising 
performance tests, the lithium iron phosphate (LiFePO4) battery technology 
was selected to be used in the present work for the development of a high-
performance solar powered street light [24]. 
2.1.4.3.2.1 Characteristics of LiFePO4 batteries 
Typical characteristics of a LiFePO4 battery are a nominal cell voltage of 3.3 
V with an end-of-charge voltage of 3.65 V and an end-of-discharge voltage of 
2.5 V, while most of the capacity being available in the voltage range of 3.0-
3.3 V, as can be seen from Figure 12 [43]. Voltages above 3.7 V and below 
2.0 V must be avoided in order to protect the battery from permanent damages 
[92]. Operating temperatures, according to the manufacturers’ datasheets, 
range from 0 to 55°C for charging and from -20 to 60°C for discharging. The 
rated cycle life for LiFePO4 batteries is approximately 2,000 cycles at 1C 
(total capacity in one hour) discharge rate. In solar stand-alone applications 
typically much lower discharge rates (~0.1 C) are common and therefore much 
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longer battery lifetimes can be expected (slower cycling rates). The LiFePO4 
battery also does not have negative influence on the environment after its 
lifetime and is considered safe in regards of thermal stability and short 
circuits, meaning the battery does not catch fire during battery safety tests [1]. 
 
Figure 12 LiFePO4 charge and discharge curve at 0.5C [38]. 
 
2.1.4.3.2.2 Degradation model of LiFePO4 batteries 
The prediction of the remaining lifetime of a lithium-ion battery in solar stand-
alone application is of high importance because the battery is one of the key 
elements of such a system. Most research in the field of degradation models 
and predicting the remaining lifetime has focused on electrical vehicle 
application and typical environmental conditions there [22, 25, 49, 85]. These 
models cannot be applied one-to-one to the case of stand-alone solar 
applications (due to the much higher charge / discharge rates there), but they 
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can be modified for such applications as well. This section will give a general 
overview of how these models are developed and how they can be 
synonymously used in solar applications. 
Literature reports that aging of a lithium-ion battery typically is the 
consequence of calendar and cycle aging. The electrolyte decomposition and 
the corresponding formation of solid electrolyte interphases (SEI) are 
considered the dominant factors in the aging process for most graphite-based 
lithium-ion batteries. During storage (no charge / discharge activities) 
condition this leads to capacity loss due to the loss of active lithium and 
impedance rise due to increase in film layer thickness [9, 63, 4, 77] evolving 
with a square root of time dependency [9, 63]. As a rule of thumb for lithium-
ion batteries, the aging rate doubles with each 10°C of temperature increase 
[22]. The Arrhenius law describes an exponential dependence or reaction rate 
with the operating temperature, which can also be applied on aging effects 
during storage of the battery. Above 65°C chemical reactions start to occur 
and therefore the Arrhenius law cannot accurately predict the aging trend 
anymore since it deviates from the exponential behaviour. While aging during 
storage is due to side reactions resulting from the thermodynamic instability of 
material states, cycling adds kinetically induced effects, such as volume 
changes, or concentration gradients. In general these two aging mechanisms 
are often considered additive, aggregated by interactions between them [9, 
80]. 
R. Spotnitz [77] summarized the following five key parameters resulting from 
experimental data on lithium-ion battery aging tests: 
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(1) Capacity loss resulting from storage, without cycling the battery, has 
both reversible and irreversible components (refer to Figure 13) 
 
Figure 13 Observed capacity loss resulting from storage [77]. 
 
(2) Capacity loss resulting from storage or cycling increases with 
 increasing temperature        
(3) Capacity loss resulting from storage with a stable battery voltage 
increases with increasing cell  voltage 
(4) Cycling causes capacity loss at a greater rate than storage (see Fig. 14) 
(5) Capacity loss correlates with cell impedance 
 
 
Figure 14 Observed capacity loss resulting from cycling [77]. 
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2.1.4.3.2.3 Adapted degradation model for LiFePO4 batteries 
Previous research by Kaufmann et al. [38] at the Solar Energy Research 
Institute of Singapore resulted in an aging algorithm closely following the 
Arrhenius equations published in literature which then was adapted based on 
measured data to LiFePO4 cells from one selected manufacturer. The 
algorithm combines aging due to storage and due to cycling by combining 
previously published equations by Wang et al. [86] on cycle life and Bloom et 
al. [7] on storage aging. 




) ∗ 𝑡𝑍1  [7]    (6) 





𝑍2  [86]     (7) 








𝑍2  [38]  (8) 
where: 
Q is the lost capacity / resistance change / power fade 
A, B are pre-exponential factors; A = 1.34109 and B = 8.03107 
Ea is the activation energy [kJ/mol]; Ea1 = 73 and Ea2 = 71.9 
t is the time in weeks  
Ah is Ampere-hour throughput [Ah] 
R is the universal gas constant 
T is temperature [K] 
Z is a constant for the slope; Z1 0.8081 and Z2 = 0.749  
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2.1.4.4 Loads – Light Emitting Diodes  
Light emitting diodes are a so-called “solid state” lighting source which is 
increasingly being used in communications for signal transmission, medical 
services, backlighting, signage, and general illumination [40, 78, 79, 71, 3, 84, 
90]. Individual LEDs generally have a small footprint with exterior outline not 
exceeding 10 mm x 10 mm and can offer high efficiency (in terms of light 
output per Watt [lm/W]).  
 
Figure 15 Spectral power distribution of white LED [41]. 
 
Haitz’s Law states that the LED flux (luminous flux, measured in lm) per 
package has doubled every 18-24 months over a period of more than 30 years 
[78]. LEDs generally have a very long lifetime of more than 50,000 h, 
provided proper thermal management is applied. Operating conditions of 
LEDs are in the temperature range between -20 to +85°C. They can be fast-
switched and don’t have issues with “low-temperature start-up” which is 
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known from compact fluorescent lamps. LEDs of certain single colours are ten 
times more efficient than incandescent lamps [78]. Recent trends for 
generating white light seem to move towards using blue LEDs with phosphors 
as photoluminescence material. White light in theory is a mixture of all visible 
wavelengths, as shown in Figure 15. Prominent colours are blue (peak wave-
length 455-490 nm) and yellow (570-600 nm) plus other wavelengths that 
through integration result in white light. Unique x-y coordinates for colour 
temperatures represent the colour of an LED.  
 
Figure 16 CIE 1931 chromaticity diagram [70]. 
 
Figure 16 shows the CIE (Commission Internationale de L’Eclairage) 
chromaticity coordinates of x, y, and z representing the ratio of red, green, and 
blue. The sum of these so-called RGB values (x + y + z) is always equal to 1. 
The colour temperature is characterized by the Planckian locus, also referred 
to as the ‘black body curve’ as shown in Figure 16 [41]. 
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A p-layer is acting as the active layer while an n-layer is acting as the passive 
layer of a LED. Resulting from the injection of electrons into the compound 
semiconductor structures, light gets emitted from the LED. By forward biasing 
the p-n junction, electrons from the n-layer are injected into the p-layer. 
Likewise, holes from the p-layer get injected to the n-layer. One light quantum 
particle (photon) is produced for every recombining electron-hole pair. 
Therefore, an ideal LED has a quantum efficiency which is described by the 
total number of photons released by the active region per second over the total 
number of electrons inserted into the LED per second. In addition the light 
extraction efficiency can be described as the total number of photons released 
into space per second over the total number of photons released from the 
active region per second [11, 70]. The ratio of the total number of photons 
released per second versus the number of total electrons inserted into the LED 
per second describes the external quantum efficiency. Therefore a higher light 
output for the same number of electrons put into the LED would consequently 
be the cause of a higher quantum efficiency. 
 
2.1.4.4.1 Degradation – Light Emitting Diodes  
According to Chang et al., the most common causes for LED failures can be 
categorized into die-related, inter-connect-related, and package-related 
failures. Die-related failures include severe light output degradation and 
burnt/broken metallization on the die. Interconnect failures include electrical 
overstress-induced bond wire damage and bond wire fatigue, electrostatic 
discharge, metallurgical inter-diffusion at the electrical contact. Last but not 
least package related failures include carbonization of the encapsulant, 
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delamination, lens cracking, encapsulant yellowing, phosphor thermal 
quenching, and solder joint fatigue that result in optical degradation, electrical 
opens and short, colour change, and severe dislocation of the encapsulant [11, 
81, 48, 32, 52. For a general overview of the LED package refer to Figure 17. 
The LED lifetime is measured by lumen maintenance, which is a measure of 
how the intensity of the emitted light from the LED decreases over time. The 
end-of-life of a LED is reached once only 50% light output is left (L50: for 
display industry) or 70% is left at room temperature (L70: for lighting 
industry), as defined by the Alliance for Solid-State Illumination Systems and 
Technology (ASSIST) [48, 11, 41]. 
 
Figure 17 LED package assembled with printed circuit board (PCB) [41]. 
 
Lifetime estimation is usually made based on the Arrhenius models [88, 48, 
41]. The activation energy of the chemical degradation mechanism is sensitive 
to the given test load condition, types of material used in the LED, and 
mechanical design of the package (Figure 17). The model presented here 
estimates LED lifetime with respect to assumptions such as exponential 
extrapolation of lifetime, assumed activation energy, possible failure 
mechanism shift between test and usage conditions, and by discounting all 
other specified failure causes, in addition to temperature [11, 39, 41].  
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Figure 18 LED lifetime estimation based on accelerated test conditions [11]. 
 
One commonly used method in industry for determining the lifetime of LEDs 
is the use of an accelerated test method where the measured lifetimes in the 
accelerated test is multiplied by an acceleration factor. This involves (1) to 
measure the light output at several readout times; (2) estimating LED lifetime 
under test conditions (accelerated) by using functional curve fitting of the 
time-dependant degradation, or finding L50 or L70 lifetime as shown in 
Figure 18; (3) calculation of the acceleration factor; and (4) predicting the 
lifetime under usage conditions by utilizing the acceleration factor multiplied 












      (9) 
where: 
Ea is the activation energy [eV], Ea = 0.45 eV was assumed based on [39]  
Tu is the junction temperature at usage conditions [K] 
Ta is the junction temperature at accelerated conditions [K] 
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k is the Boltzmann constant, k = 8.6210-5 eV/K 
It must be noted that this empirical curve fitting of the Arrhenius model has a 
significant weakness, as it can result in misleading data trends of LED life-
times due to the very sensitive nature of the curve fitting algorithm in terms of 
the number of samples used and the overall test duration [64, 62, 83]. In 
addition, this model cannot specify which failure mode caused the degradation 
of the light output, however it does give a good estimation that can be applied 
for LED testing in order to verify its quality [11]. Nonetheless the Arrhenius 
model is a widely accepted model used by the industry to estimate degradation 
of LEDs with a comparably short test period compared to the entire lifetime of 
the LED. Leading LED manufacturers also provide their test results based on 
the Arrhenius model interpolation, allowing to compare the quality and 
lifetimes of different LEDs. 
 
2.2 Supply chain management 
Supply chain management is the backbone of every production line. It is 
important to include proper supply chain planning in the design stage of a 
product in order to make sure that as many components as possible are readily 
available with a stable production output. In the case of customized 
components it is important that potential manufacturers are approached during 
the design phase so that technical issues can be identified and solved 
interactively. This section covers commonly used terms in supply chain 




The term inventory can be described as the total quantity of goods that are on 
hand or in stock. Inventory itself can be categorized into three main formats 
which depict the different product stages: raw material, work in progress and 
finished goods.  
Companies have good reasons to hold inventory as seen in Figure 19, which 
lists several factors for holding inventory for a manufacturer [72]. The idea of 
managing inventory can be summarised as balancing supply and demand. One 
might think that this can be done easily by simply looking at customer orders 
but this is not always the case and therefore it is important to have certain 
holdings in the supply chain in order to be able to face uncertainties.
 
Figure 19 Reasons for holding inventory, taken from Scott et al. [72]. 
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2.2.1.1 Types of inventory 
According to Scott et al. [72] inventory is categorized into seven different 
types, of which cycle and safety stocks are the most important ones: 
1. Cycle or replenishment stock: keeps the supply chain moving, 
necessary to meet the normal daily demand 
2. Safety stock: buffer against forecast errors and supplier unreliability 
3. In-transit stock: stock being transported 
4. Seasonal stock: built up in advance to meet increased sales during 
certain periods 
5. Promotional stock: stock resulting from marketing campaigns 
6. Speculative stock: held to protect against potential price increase or 
limited availability 
7. Dead or obsolete stock: no longer usable for production 
2.2.1.2 Cycle stock 
A typical example for a cycle stock is a shop owner who gets a fresh delivery 
of product A on Monday morning and then sells it during the week as seen in 
Table 3. 
Table 3 Cycle stock example adapted from Scott et al. [72]. 
 Delivery product A Sales Cycle Stock 
Monday 14 2 12 
Tuesday  2 10 
Wednesday  2 8 
Thursday  2 6 
Friday  2 5 
Saturday  2 2 
Sunday  2 0 
Total 14 14 - 
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Generally when talking about cycle stock it is commonly referred to as 




        (10) 
Where AS is the average stockholding and Q is the order quantity 
From the average stockholding it is possible to derive the average cycle stock 
investment (ACSI) based on a unit price of the product. 
𝐴𝐶𝑆𝐼 = 𝐴𝑆 ∗ 𝐶       (11) 
where ACSI is the average cycle stock investment and C is the cost of product. 
Companies can reduce their average cycle stock investment by implementing a 
more frequent ordering cycle throughout the year. 
2.2.1.3 Safety stock 
Safety stock does not cover the regular rate of sales, but it is rather intended to 
protect from uncertainties arising from within the supply chain. It can be 
divided into two categories: 
a) Safety stock supply covering unplanned production and delivery delays 
b) Safety stock demand that covers unplanned changes in demand 
Donald Waters [87] modelled safety stock with the following equations: 
𝑆𝑎𝑓𝑒𝑡𝑦 𝑠𝑡𝑜𝑐𝑘 = (𝑎) + (𝑏)      (12) 
where  
(𝑎) = 𝑠𝑎𝑓𝑒𝑡𝑦 𝑠𝑡𝑜𝑐𝑘 𝑠𝑢𝑝𝑝𝑙𝑦 = 𝐴𝐷 ∗ 𝑆𝑈     (13) 
39 
(𝑏) = 𝑠𝑎𝑓𝑒𝑡𝑦 𝑠𝑡𝑜𝑐𝑘 𝑑𝑒𝑚𝑎𝑛𝑑 = 𝑆𝐷𝐷 ∗ 𝑆𝐿𝐹 ∗  √𝐿𝑇 + 𝑆𝑈  (14) 
where: 
AD is the average demand in pieces 
SU is the supplier uncertainty  
SDD is the standard deviation of demand 
SLF is the service level factor taken from Table 4 
LT is lead-time in days 
The service level factor depends on the agreed service level with the supplier. 
This factor measures the reliability of the supplier in terms of percentage how 
stable the service can be provided to the customer. Service level factors need 
to be converted into statistical normal distribution values by using developed 
mathematical value tables as shown in Table 4. Therefore a service level of 
95% would result in a service level factor of 1.64. 
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Table 4 Conversion table for Service levels to service level factors, taken from Scott et al. [72]. 
 
2.2.2 Demand 
Demand of a product changes over its lifetime as can be seen in Figure 20. 
Therefore it is necessary to evaluate the demand on a regular basis (e.g. 
monthly) in order to be able to adapt the supply chain to changing values on 
the demand side. It is also important to understand how demand can change 
over shorter time scales (weekly, monthly, and seasonal). 
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Figure 20 Different patterns of demand during the total life cycle of a product, taken from Scott et 
al. [72]. 
 
2.2.3 Forecasting methods 
Various models have been developed to forecast demand. They try to capture 
the variability and uncertainty arising from forecasting itself. Two distinct 
models commonly used are: 
a) Qualitative forecasting: simple process of ‘guessing’ based on 
experience, “unscientific”. 
b) Quantitative or statistical forecasting: comprises statistical models 
that can have a causal nature (“hot weather results in more water 
bottles sold”) or that can be based on time series of historical data 
(most commonly used). 
2.2.3.1 Time series method 
The time series method is defined as a “statistical method based on the 
assumption that historical patterns of demand are a good indicator for future 
demand” [72]. Figures 21 and 22 show an example of the time series a method 
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principle that was taken from the book ‘Guide to Supply Management’ [72]. 
The curve on the left side of the vertical dotted line describes the past. After 
1988 the graph in Figure 21 shows an extrapolation of the past data into the 
future. The extrapolation takes into account different aspect of the historical 
data. Decomposing the past purchases, we would come up with at least three 
aspects: basic value, trend and seasonality pattern as seen in Figure 22. Using 
the time series method, all three aspects are taken into consideration based on 
the assumption of continuity [72].  
 
Figure 21 Product purchases forecast [72]. 
 
Figure 22 Decomposition of demand into seasonality, trend and basic value [72]. 
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2.2.4 Demand planning improvements 
The accuracy in a supply chain can be measured using the Mean Absolute 
Percent Error (MAPE). The forecast error is defined as the deviation of the 




     (15) 
Therefore if the forecast error should be decreased this would mean to increase 
the forecast accuracy. The forecast accuracy (FA) is defined as: 
𝐹𝐴 (%) = (1 − 𝐸𝑟𝑟𝑜𝑟(%))      (16) 
2.2.5 Order cycle management 
According to Emmet and Granville [23], orders can be placed based on two 
policies, one of them is the continuous review and the other one the periodic 
review.  
 
Figure 23 Continuous review – fixed order quantity (Q) [72]. 
 
The continuous review systems works based on a fixed order quantity (Q). In 
this system, inventory is reviewed daily and, based on stock levels, a fixed 
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quantity (Q) is ordered once stock falls below a certain threshold point, also 
referred to as the re-order point (see Figure 23).  
The periodic review system, in contrast, is based on an order-up-to-level 
quantity. This means inventory is reviewed at certain intervals and every time 
a sufficient quantity is ordered to raise stock levels to a certain level. This 
order quantity is dependent on the relative stock position at this time, also 
referred to as the review point (see Figure 24). Literature also refers to this 
model as the ‘min-max policy’ [72]. 
 
Figure 24 Periodic review - fixed order cycle [72]. 
 
Scott et al. [72] conclude that inventory levels based on the periodic review 
will be higher and therefore the investment cost is larger. It is recommended to 
use the continuous review that results in lower inventory levels, but may result 
in more frequent ordering, which on the other hand could lead to increased 
cost for logistics effort and freight cost.  
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2.2.6 Supply chain management for emerging markets 
Supply chains from globally active companies are becoming more and more 
complex due to the fact that they increasingly source their components from 
emerging markets. In total, 38% of global exports made in 2008 were 
originating from emerging markets. For all of these exported goods it was 
necessary to develop a supply chain that enabled the two parties, supplier and 
customer, to exchange the goods in a secured manner. This includes the - 
typically greater - uncertainties involved compared to supply chains in 
developed countries, with established infrastructure and proven supply chains 
[45]. 
Reasons for sourcing components from emerging markets result from the 
intense global competition and therefore the need to access markets with lower 
production cost (vital for many companies in order to keep up with 
competitors). Emerging markets usually offer 24/7 operating facilities and 
parallel processing if needed to guarantee a stable output which is pre-
requisite for proper supply chain management. 
2.2.6.1 The six phases of the sourcing process 
According to Maltz et al. [45] a global sourcing process consists of six phases 
which are similar to local sourcing processes but these six tasks are generally 
more complex in an international context: 
1. Recognition of need 
2. Source identification 
3. Source evaluation 
4. Evaluation of price quotations 
5. Subjective analysis and negotiations 
6. Contract management 
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2.2.6.2 Transportation 
Once phase one to six are completed, transportation needs to be investigated 
with the aim to safely deliver the goods to the production facility. Figure 25 
shows an overview of an international supply chain starting with the supplier 
and finally ending on the buyers’ side (here: the production facility). 
 
Figure 25 International purchase and delivery transaction, taken from [45]. 
 
2.2.6.2.1 Factor for transportation cost 
Factors influencing the transportation cost need to be considered in the whole 
planning process. Especially non-transparent local customs rules and 
regulations can add up to the total transportation cost and for some goods can 
even be considered a limiting factor in an international supply chain. 
Therefore it is important to also focus on these issues during the planning 
process and to be aware of all relevant regulations and declaration 
requirements. Otherwise it could result not only in increased cost, but also in 
(substantial) time delays. 
2.2.6.3 Survey on supply chain countries attractiveness 
Sourcing managers have been asked by Maltz et al. [45] to evaluate different 
countries based on their experience working with them. Attributes which are 
47 
relevant to low-cost sourcing conditions such as labour cost, security of 
intellectual property and others, as shown in Table 5, were rated between 1 
(least favourable) and 7 (most favourable).  
Table 5 Attributes relevant to low-cost sourcing decisions [45]. 
 
The outcome of the survey was that China is leading if not superior in most of 
these attributes. Especially Coastal China is perceived as very attractive for 
low-cost sourcing, however lacking when it comes to security of intellectual 
property. Least preferred regions reported were Africa, which is also reflected 
in the low share of global exports from there. Table 6 summarises of the 
attribute evaluation by geography. 
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Table 6 Overview of attribute evaluation by geography (1 = least favourable while 7 = most 
favourable), taken from [45]. 
 
Establishing a supply chain in emerging markets poses certain challenges as 
described in this chapter. Nonetheless these challenges can be overcome and 
the production can become more cost effective in the end when combined with 
proper sourcing and well-planned manufacturing, involving emerging markets. 
For a solar powered street lamp cost competition is a crucial factor for success 
and therefore it was decided to establish the supply chain in an emerging 
market (here: Thailand). 
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Chapter 3: PV Systems Dimensioning 
Chapter 3 focuses on how to properly dimension the solar stand-alone system 
(see Figure 3) according to environmental parameters which can be found in 
potential site locations and given certain load profiles. These profiles will 
come from an assessment of consumer needs. The calculations for dimension 
the system are following an adapted practical approach from the book 
“Planning and installing photovoltaic systems: a guide for installers, architects 
and engineers” [76].  
3.1 Electricity consumption 
The purpose of the street lamp is to provide light during night time, i.e. from 
sunset in the evening to the sunrise in the morning.  The street light needs to 
be able to provide sufficient light output, which influences the power 
consumption with linear dependence depending on duration and brightness of 
the lamp. In order to conserve energy the lamp is equipped with a motion 
sensor that detects activities below the lamp. In case there is no activity the 
lamp will dim down to 10% of the original light output while still providing 
sufficient light to ensure safety. Baseline models for the light output and 
duration of the solar street lamp need to be defined in order to determine the 
electricity consumption on which the solar standalone system will be based on. 
Three baseline lamps have been designed using the typically required light 
output (illuminance, measured in lm) for small roads, sidewalks and safety 
lamps, see Table 7 for details. As can be seen, the daily required power from 
the PV module is theoretically 15.12 Wh for model 1, 30.24 Wh for model 2, 
and 75.6 Wh for model 3 based on a highly efficient LED from NICHIA. This 
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type has been selected due to its high efficiency (Eff > 136 lm/W), but also for 
its electrical characteristics such as the forward voltage (Vf = 3.0 V) and its 
reliability in terms of low degradation as reported in Chapter 6.2. 
𝑃𝑙𝑜𝑎𝑑_𝑖 = [(𝑡𝑏𝑟𝑖𝑔ℎ𝑡_𝑖 ∗ 𝐼𝑏𝑟𝑖𝑔ℎ𝑡_𝑖) + (𝑡𝑑𝑖𝑚_𝑖 ∗ 𝐼𝑑𝑖𝑚_𝑖)] ∗ 𝑉𝑓  (17) 
where: 
tbright_i is the duration of model i while lamp is in bright mode per night 
tdim_i is the duration of model i while lamp is in dimmed mode per night 
Idim_i is the LED current of model i while the lamp is in bright mode taken 
from its datasheet [17],  
 Idim_1 = 0.105 A, Idim_2 = 0.210 A, Idim_3 = 0.000 A 
Ibright_i is the LED current of model i while the lamp is in bright mode taken 
from its datasheet [17],  
 Ibright_1 = 1.050 A, Ibright_2,3 = 2.100 A 
Vf is the forward voltage of the LED, Vf = 3.0 V 
 
Table 7 Overview of the three models of the solar street lamp with calculated power consumption 
in Wh per day based on that dimmed mode consumes 10% of the normal power of the LED. 




















1 400 4 8 5.04 15.12 
2 800 4 8 10.08 30.24 
3 800 12 0 25.2 75.6 
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3.2 Sizing of the PV array 
Based on the total power consumption (Table 7) it is possible to determine the 
sizing of the PV array needed to supply sufficient energy during the day. The 
energy harvested by the PV module depends on the local irradiation values 
and other environmental factors such as shading and module temperature. 
Figure 26 shows an overview for different field test locations where it was 
planned to deploy 30 prototypes in order to verify the system design. Based on 
these locations the sizing of the solar module has been calculated. Table 8 
shows the geographic information and irradiation data of the worst month per 
year based on a 22-years average with data extracted from a freely accessible 
National Aeronautic and Space Administration (NASA) database of global 
irradiation data [93]. 
 





Table 8 Overview of test site locations with their 22 year average irradiation values for the worst 
month of the year. Source NASA [93]. 







1 Stuttgart Germany 48.78204 9.173844 0.88 Dec 
2 Unterkirchberg Germany 48.334966 9.999465 0.88 Dec 
3 Queensland Australia -27.4968 153.06886 3.09 Jun 
4 San Diego USA 32.734519 -117.1319 3.13 Dec 
5 Maputo Mozambique -25.9577 32.580471 3.73 Jun 
6 Singapore Singapore 1.445273 103.73047 4.3 Jul 
7 Bangkok Thailand 13.905465 100.58796 4.49 Oct 
8 Arusha Tanzania -3.37184 36.683478 4.56 Jun 
9 Jakarta Indonesia -6.218947 106.84107 4.58 Jun 
10 Addis Ababa Ethiopia 9.028114 38.747932 5.15 Jul 
 
As main markets for the solar-powered street lamp we consider emerging 
countries located around the equatorial Sunbelt region which is defined as the 
area lying within ±35° of the equator. Therefore areas outside this boundary 
are not considered in the calculation for the PV system here, hence also not 
including the test sites in Australia and the USA. The following calculations 
for the PV array are based on irradiation data from the countries highlighted in 
green in Table 8. 







∗ 𝐷𝑂𝐴    (18) 
where: 
Preal is the actual energy output of the PV array [kWh/day] 
PPV is the nominal power output of the PV array [kW] 
kPmpp is the temperature coefficient of Pmax. Here: kPmpp = -0.47 %/K [74] 
TSTC is the STC temperature, TSTC = 298.15 K 
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T is the assumed module operating temperature, T = 50°C 
Zcable is the correction for a typical cable power loss of 3%, Zcable = 0.97 
DOA is the days of autonomy here assumed: DOA = 2 

















1 0.88 Dec 40.14 80.29 200.72 
2 0.88 Dec 40.14 80.29 200.72 
3 3.09 Jun 11.43 22.86 57.16 
4 3.13 Dec 11.29 22.57 56.43 
5 3.73 Jun 9.47 18.94 47.35 
6 4.3 Jul 8.22 16.43 41.08 
7 4.49 Oct 7.87 15.74 39.34 
8 4.56 Jun 7.75 15.49 38.73 
9 4.58 Jun 7.71 15.43 38.57 
10 5.15 Jul 6.86 13.72 34.30 
 
Based on the above calculated required PV power for the three different 
models it can be seen that the rated PV module power must be at least 9.47, 
18.94 and 47.35 Wp, respectively, for Model 1, 2 and 3 (see Table 9). This 
ensures that the lamp can operate with two DOA for the test sites selected in 
the Sunbelt region and the corresponding load profiles described in Table 7. 
3.2.1 Electrical specifications of the PV array 
The power output of a PV module strongly depends on irradiation and 
temperature, with irradiation mainly influencing the current (Ipv) and 
temperature mainly influencing the voltage (Vpv). Huang et al. [33] have 
developed a stand-alone PV design concept called “near-maximum-power-
point-operation (nMPPO)”, that allows operating the system close to the MPP 
without the need for a conventional MPP tracker (MPPT). In order to design 
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nMPPO systems properly it is important firstly to know the operating 
conditions of the PV module under different local conditions and secondly to 
match the battery voltage with the Vmpp of the PV module. Based on the one 
diode model from Pandiarajan et al. [60], described in Chapter 2.1.4.1.3, the 
expected operating conditions of the PV module were simulated in this work, 
based on the manufacturers datasheet values. Two different scenarios were 
taken into account for the simulation: Scenario 1 is based on a module 
temperature of 0°C and irradiations (G) ranging from 200 to 1000 W/m2. This 
would reflect the conditions in a colder climate in winter as they can be found 
in central Europe, China and several other countries. Scenario 2 considers a 
location such as Singapore, Africa and South America with a module 
temperature of 50°C and again irradiations (G) ranging from 200 to 1000 
W/m2. Simulink was used for the modelling and Matlab was used to plot the 
results, which are shown in Figure 27. It can be seen that the maximum short 
circuit currents range from 0.49 A to 2.3 A, while the maximum open circuit 
voltages range between 4.6 and 6.19 V. More important for the nMPPO design 
are the voltages at the maximum power point (Vmpp). The voltages for Vmpp 
range between 3.6 V at 50°C and 4.6 V at 0°C. Therefore this Vmpp range can 
be considered as the most efficient operating range for a stand-alone PV 
system without active MPP tracker at the above-stated operating conditions, 
following the methodology of Huang et al. [33]. 
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Figure 27 Computed I-V curve carried out using Simulink and Matlab showing extreme conditions 
for the PV module, with the black line referring to values under STC. 
 
3.3 Sizing of the LiFePO4 battery 
The LiFePO4 battery’s task is to compensate the non-simultaneity of energy 
supply by the PV modules and the energy consumption of the street lamp. It is 
common to have a certain number of days of autonomy (DOA) in order to 
ensure reliable operation during all four seasons with different irradiation 
levels. For the solar street light the DOA is considered as two full days, which 
results in two full nights of light output for 12 hours per night. 
𝐶𝑡𝑜𝑡𝑎𝑙_𝑖 =  (𝑃𝑙𝑜𝑎𝑑_𝑖/𝑉𝐿𝑖𝐹𝑒𝑃𝑂4) ∗ 𝐷𝑂𝐴 ∗ 𝐶𝐻𝑒𝑓𝑓   (19) 
where: 
VLiFePO4 is the average battery voltage, VLiFePO4 = 3.2 V 
CHeff is the charging efficiency of the electronics and LiFePO4 battery here 
assumed: CHeff = 1.1 (taken from Table 1) 
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The total required battery capacity for model 1, 2 and 3 are 10.4, 20.79 and 
51.98 Ah/d, respectively (see Table 10). Finally the selected battery capacity 
was selected as shown in the last column of Table 10, based on the required 
capacity but also taking into considerations that the battery pack consists of 
single cells with a capacity of 3.2 Ah/cell (standard available battery size) 
hence the total battery capacity selected was determined as the smallest 
multiple of 3.2 Ah that was equal or bigger than the calculated capacity. 
















1 400 15.12 10.40 12.8 
2 800 30.24 20.79 25.6 
3 800 75.6 51.98 64.0 
 
3.3.1 Specifications of the LiFePO4 battery 
The reported efficiencies from other batteries used in stand-alone PV 
applications, as reported in Table 1, are inferior to those of LiFePO4 batteries, 
especially for applications with charging currents of 0.1C and less. Table 11 
shows measured charging and discharging capacity for a 12.8 Ah battery pack 
from a reliable manufacturer. The experimental charging-discharging 
efficiency of 99.87% (see Equation 20) was achieved with a charging rate of 
0.08C or, in other words, a charging current of 1 A, which approximately is 
equivalent of an irradiation of 500 W/m2 on the simulated module from 




∗ 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦  (20) 
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Table 11 Charging efficiency of the selected LiFePO4 battery pack. 
Cycle # 
Ch. Cap. [Ah] Dis. Cap. [Ah] Efficiency [%] 
1 6.75 12.89 n.a. 
2 12.87 12.85 99.86 
 
 
Figure 28 Charging and discharging curve at 0.08C of the selected LiFePO4 battery pack. 
 
3.4 Verification of nMMPO system design 
The above-mentioned PV module simulation based on the given datasheet 
values resulted in a narrow Vmpp range (3.6 - 4.6 V) at minimal and maximal 
temperatures (Tmin and Tmax). Taking a LiFePO4 battery for energy storage in 
this standalone system will result in a charging voltage range (Vcharge) from 
3.25 to 3.45 V at a charge rate of 0.1C. The average charge operation voltages 
for the major part of the capacity lie within a small range (3.34 - 3.38 V) as 
can be seen in Figure 29 for most parts of the charging time. The charge 





























resistance of the charge controller’s MOSFETS (Si4922) used in this circuit, 
as described in Chapter 5. This voltage drop depends on the charge current 
which is directly proportional to the irradiation onto the PV module. A 
maximum voltage drop of 0.1 V over both MOSFETS at 2.14 A charging 
current was measured during efficiency tests. In order to obtain Vcharge, the 
voltage drop over the two MOSFETS needs to be added, increasing the 
required voltage range of 3.44 V to 3.48 V. Comparing this range with the 
Vmpp range from the different PV module temperatures (Tmin and Tmax), it can 
be seen that a near match between battery performance and PV module 
performance exists; limiting losses on the maximum power output of the PV 
module compared to a MPP tracker as reported by Huang et al. [33]. 
 
Figure 29 Battery charge and discharge curves for 0.1C at ambient temperature of 25°C. 
 
Chapter 3 discussed the dimensioning of the PV system for the solar powered 





























light outputs as described in Table 7. Based on the load profile PV modules 
and battery packs were designed in order to provide and store enough energy 
for two consecutive days without sunshine. In order to achieve a high 
efficiency the principles of a near-maximum-power-point-operation were 
applied to design the PV module parameters based on simulated environ-
mental values.  
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Chapter 4: Design and testing of the lamp housing 
The main purpose of the lamp housing is to protect the electronic components 
and the battery pack from environmental influences such as rain, irradiation 
and dust. While designing the housing, key focus was put on manufacturing 
constraints and material cost, but at the same time aesthetical appearance was 
considered. 
Main components that had to be built into the housing were the PV module, 
the PCB with motion sensor and the battery pack. Since three models were 
defined to be the product range, the housing had to be able to host all required 
components for these versions (lower variations lead to reduced manufactur-
ing costs), with the main variation arising from a larger PV module and a 
larger battery pack for models 2 and 3. 
4.1 Integration of PV module 
Before decisions were made on how the PV module should be integrated into 
the solar street light, a thorough market analysis was carried out in order to 
identify strengths and weaknesses of existing solar street lights. 
On one side there are commonly available solar street lights on the market [94, 
95, 96, 97] that separate the PV module from the lamp housing and the battery 
compartment, as can be seen in Figure 30. The advantage of separating the 
parts is the increase of flexibility regarding installation of the PV module 
because the inclination angle can be influenced and changed depending on the 
local conditions. Additionally some of these lamp versions use standardized 
parts from the grid-connected PV industry which could bring down overall 
cost of the lighting system. The disadvantages for this solution are the higher 
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cost for the mounting system, more exposure of the PV module to environ-
mental conditions such as wind and the danger of theft since the PV module is 
clearly visible. 
 
Figure 30 Example of a solar street light with large solar module and separate battery 
compartment [98]. 
 
On the other side, there are some companies on the market [99, 100, 101] that 
offer solar street lights with integrated PV modules, meaning that the PV 
module is part of the housing and therefore needs no extra fixture for 
installation. A more detailed analysis of some of those models showed that 
they will suffer from high temperatures inside the housing because of the 
missing separation between the housing and the backside of the PV module 
which can get relatively hot in full sunshine conditions. Figure 31 shows a 
commonly available solar street light product with integrated PV module.  
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Figure 31 Example of a solar street light with fully integrated solar module [101]. 
 
The advantage of an integrated PV module without separation of the housing 
from the battery is the lower material cost since the module basically is used to 
be the top cover of the lamp fixture. In consequence the battery sees a much 
elevated temperature within the housing during sunshine which leads to lower 
lifetime, as shown in Chapter 6.1. It is recommended to keep the internal 
temperature below 40°C which is difficult to achieve with such a design 
approach. Additionally the PV module efficiency will also decrease since the 
power output of the solar module is also affected by the higher operating 
temperature of the module, as shown in Chapter 3.2.1. 
4.1.1 Partial integration of the PV module 
Partial integration combines the advantages of an integrated module with the 
housing, while minimizing the disadvantages of decreasing the PV module 
efficiency due to high temperatures and also decreasing the overall 
63 
temperature within the housing in order to keep the temperature at moderate 
levels, i.e. below 40°C as suggested by Kaufmann [38] in order to ensure a 
long lifetime of the battery. Therefore the solar street light housing was 
designed fully enclosed with 5 mm high rails on top of the housing to keep the 
PV module at 5 mm distance, which in addition enables a cooling air flow 
below the module. This increases the module efficiency and at the same time 
provides shading for the housing from direct sunlight. The module cables are 
guided into the housing via a small volcano shape hole on the top of the lamp 
which is sealed with silicone during assembly. See Figure 32 for details of the 
housing with the rails on top and Figure 33 with the assembled PV module. 
 
Figure 32 Design of the street light housing with 5 mm wide and 5 mm high rails on the top to hold 




Figure 33 Street light housing with PV module assembled, the rails enable a cooling air stream 
below the PV module in order to increase its efficiency. 
 
4.2 Double housing concept 
The double housing design concept originates from the observation that a 
shaded body has a lower temperature than a body exposed to direct sunlight. 
In addition, the battery pack and electronics need to be protected from 
environmental influences and therefore should be housed in a IP65 casing. For 
this purpose aluminium was chosen because of its mechanical properties that 
can withstand environmental influences and its low weight. The aluminium 
housing (see Figure 34) was therefore designed to host two plastic boxes: one 
for the battery and the second one for the electronics, which includes the LED 
driver and the power management unit of the solar system. 
 
Figure 34 Inside view of the housing with designated area on the left for the battery box and 
designated area for the electronics box on the right side. 
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4.3 Passive ventilation 
Passive ventilation can be achieved by utilizing the temperature difference 
between the ambient temperature outside of the housing and the temperature 
inside in the housing which is generally lower than the ambient temperature, 
even during sunny conditions. This results in a convective cooling effect. 
Literature refers to this effect as “Trombe chimney effect” [35, 69, 27] or the 
“Buoyancy effect” [89, 12, 61], which both make use of the temperature 
difference. The hot air has a lower density than the cool air and therefore tends 
to move upwards to the top of the street light housing and can exit there 
through the provided ventilation slots while new fresh air can enter the 
housing from the slots on the bottom of the lamp, as illustrated in Figure 35.  
 
Figure 35 Solar street light with ventilation slots on the lower and upper bottom side of the 
housing to enable the “Trombe chimney” effect, also referred to as “Buoyancy cooling effect”. 
 
Because of the lower pressure inside in the housing compared to the ambient 
air pressure, fresh air will stream into the lamp housing through the slots on 
the bottom side of the housing (below the battery pack). The total air stream 
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can be calculated based on the buoyancy-driven ventilation Equation (22) [2, 
42]. 










        (22) 
where: 
q is the exchange air flow rate [m3/s] 
A* is the effective opening area of the slots [m2] 
AT is the area of the slot opening at the top [m
2], AT = 0.002662 
AB is the area of the slot opening at the bottom [m
2], AB = 0.002196 
g is the gravitational acceleration [m/s2], g = 9.80665 
Ti is the inside temperature [°C], Ti = 35 
To is the outside temperature [°C], To = 50 
h is the vertical distance between the two openings [m], h = 0.205 
Cd is the discharge coefficient of the opening, in the case of sharp edged 
openings Cd  0.65 [2] 
 
Therefore the current design results in an air flow of q = 0.001602 [m3/s]. The 
total open slot area equals to A* = 0.001694 [m2] allowing sufficient air flow 
through the lamp housing for a temperature difference of 15°C. The width, 
length and number of slots are limited by design constraints such as aesthetics 
and the ability to withhold large insects from entering the casing.  
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4.4 IP65 plastic boxes 
IP65 boxes were designed to be able to house the three different battery packs 
(refer to Table 10) in a single design and to house the electrical circuit with the 
motion sensor in the other box. The interconnection between the two boxes is 
realised through cables and water protected connectors. Cable glands were 
used to seal the opening where the cables enter the two boxes. 
4.5 Pole fixture 
In order to mount the street light on a pole, two customized clamps (see Figure 
36) were designed that can be used for any pole diameter in the 35 - 90 mm 
range, giving the end user flexibility to use various pole sizes. The clamps are 
fixed to the back side of the lamp by using four theft-proven screws, which 
require a special Allan key to tighten them. 
 
Figure 36 Mounting of the lamp to a pole with customized clamps at the back side of the lamp. 
 
4.6 Benchmarking of the design concept 
The main aim of the chosen design concept was to keep the temperature inside 
the housing at moderate levels (ideally < 40°C). In order to validate this it was 
necessary to compare this new concept with other lamps from the market that 
also have an integrated PV module design. For this purpose two commercially 
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available lamps were selected and installed outdoors (see Figure 37), in 
parallel to the proposed street light, all three equipped with temperature 
sensors and dataloggers to track the temperatures in 15-minute intervals. 
 
Figure 37 Temperature test set up in outdoor conditions with two commercially available products 
(A, B) against the integrated PV module design proposed in this work (opposite B). 
 
 
Figure 38 Selected results of the temperature test conducted in Singapore, showing that the devel-
oped solar street light housing concept can lower the temperature inside the housing by up to 5°C. 
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Results from the field test show that the proposed design with double housing 
and passive ventilation is able to lower the temperature inside in the housing 
by approximately 5°C in full sunshine as can be seen in the selected time 
period (with high temperatures) of the test in Singapore (see Figure 38). The 
higher the outside temperatures the better the results, which shows a 
correlation to the Buoyancy effect that has a higher air stream with a larger 
temperature difference between the inside and outside of the housing. 
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Chapter 5: Electronics 
The printed circuit board (PCB) for the solar street light is based on the design 
described in the Bachelor thesis of M. Paezold in 2011 at the University of 
Applied Sciences Ulm in Germany. A first prototype of the PCB existed, 
including an initial version of the software for the microcontroller for handling 
the charge controlling and LED driving functions. During further development 
of the solar street light energy management, certain changes to the PCB and its 
components were necessary in order to increase the efficiency and the 
capabilities for a slightly adapted application scenario, as well as to decrease 
certain component cost. In addition, the software was fine-tuned in order to 
work more reliably and to add more precision (time wise) to its functions.  
This following section describes the key components of the PCB and the 
software and discusses the changes that have been made during adaption of the 
initial bachelor work. 
5.1 Key components of circuit 
The main criteria for selection of the components for the solar street light’s 
PCB were: overall efficiency, market availability and price for medium 
volumes (5k-10k pieces per order). 
5.1.1 PCB 
The PCB design was based on two layers (top and bottom). The top layer is 
used for the main circuit, while the bottom layer is used for the LEDs. In order 
to enable heat flow away from the LEDs for cooling purposes, the copper 
layers of the PCB were increased to 70 μm resulting in a slightly thicker PCB 
layer than commonly used. Total dimension of the board was 8 cm by 10 cm. 
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The existing PCB was further optimized in terms of heat transfer capabilities 
by adding more cooling areas and also by connection cooling areas from the 
bottom to the top layers through metal copper cores that enable a better heat 
transfer without extra cost to the PCB production. 
5.1.2 Microcontroller 
The role of the microcontroller in this circuit is to control the solar charge 
controlling circuit and drive the LEDs to the required brightness. M. Paezold 
chose the PICLF1823 in a TSSOP package based on the following parameters: 
 Numbers of available pins 
 Memory capacity 
 Long term memory (EEPROM) 
 Power consumption 
 Price 
 Internal timers 
 Analogue/digital converters (ADC) 
 Watchdog timer 
 Code protection 
 Pulse width modulation module 
Later the IC package was changed to SOIC-14 150 mil package for cost 
reasons, which resulted in total savings of 13% without compromising on 
functionalities. 
5.1.3 Light Emitting Diode 
The existing PCB was designed for the use of the NVSW119AT Nichia LED 
[18]. This LED is packaged in a surface-mount device (SMD) with relatively 
small solder pads resulting in a higher thermal resistance. The LED was 
eventually replaced with the Nichia’s NS6W183B [17] type mainly because of 
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its lower thermal resistance but also slightly better luminous efficiency as 
shown in Table 12. 
Table 12 Comparison of datasheet values for the existing and proposed LED from Nichia [17, 18]. 
Data LEDs (datasheet values) NVSW119A NS6W183B 
Forward voltage [V] 3.0 3.0 
Forward current [mA] 350 350 
Luminous flux [lm] 140 143 
Luminous efficiency [lm/W] 133 136 
Thermal resistance RƟjs [°C/W] 7 to 12 6 to 9 
 
In addition to the lower thermal resistance, the NS6W183B is characterised by 
good long term test degradation results, which is important considering that 
the solar street light is in operation for up to 12 hours every night with an 
expected total lifetime of 10 years for the solar street light. Long-term testing 
results from the manufacturer are shown in Figure 39 and demonstrate that the 
LED can maintain 70% of its total light output over a period of 60,178 hours 
(equivalent to 13.8 years for 12 hours of operation per night) based on LM-80 
(LM = Lumen Maintenance) test specifications [56]. The LM-80 test defines 
the end of life of a LED at 70% of its total initial light output, although the 
LED does not stop working at this stage. 
73 
 
Figure 39 Extraction from Nichia LM-80 test report for the NS6W183 LED showing a slow 
degradation [56]. 
 
5.1.4 Passive Infrared Motion Sensor (PaPIRS) 
One of the key aspects of the solar street light is its ability to detect motion 
from a moving body in front of the lamp, through an integrated passive 
infrared motion sensor. Such products are commercially available and 
typically have a digital output signal once motion is detected. This input can 
then be used by the microcontroller for further processing. For the developed 
solar street light the EKMC1601112 from Panasonic was selected because of 
its comparably wide detection range of 12 m. The sensor (see Figure 40) 
comes with a detection area of horizontal 102° and vertical 92° split into 92 
zones in total. The sensor itself is sensitive to temperature and can only 
operate as long as the target temperature is 4°C different to the ambient night 
time temperature of the surroundings [58].  
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Figure 40 Axis description of the EKMC motion sensor [58]. 
 
5.2 Key functions of the circuit 
Key functions of the electronic circuit, as it is shown in Figure 41, are 
measurements of the battery and PV module voltages, carried out by the 
microcontroller. 
The charge controller regulates the energy flows from the PV module into the 
battery and from the battery to the LED driver. At the same time the charge 
controller ensures that the battery is kept within the pre-determined voltage 
levels of 2.9 to 3.5 V, in order to guarantee a long lifetime. 
The LED driver supplies the LEDs with a constant current in order to get the 
required luminous flux output by utilizing the pulse width modulation (PWM) 
module from the microcontroller. Using the PWM, the LED can be dimmed to 




Figure 41 Overview of the charge controller circuit for the solar street light. Area 1 is used for the 













5.2.1 Battery and PV module voltage measurement 
A voltage divider between R4 and R5, as seen in Area 1 (see Figure 42), is 
used to sense the voltage on the pin called ‘ANALOG2’. This pin is connected 
to the analogue digital converter (ADC) module of the microcontroller. 
MOSFET SI4922G$1 is used to disconnect the PV module from the battery 
for measuring the battery voltage. The voltage divider is used because of the 
internal reference voltage of the microcontroller of 2.048 V which means that 
this is also the maximum possible voltage that can be measured on the ADC 
input. 
Battery voltage: 
𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 2 ∗ 𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑      (23) 
where  
Vbattery is the battery voltage 
Vmeasured is the voltage drop measured over R5 to AGND 
 
Blocking MOSFET SI4922G$2 and opening SI4922G$1 results in the ability 
that the voltage drop over R5 is from the PV module voltage and can therefore 
be used to determine the PV module voltage by the microcontroller. Since the 
voltage drop over R5 in this case is not measured to AGND of the battery and, 
but to GND of the module instead, the module voltage needs to be calculated 
as described in Equation (24). Since the PV module voltage can be higher than 
the battery voltage it is necessary to increase the internal reference voltage 
from 2.048 V to the actual supply voltage of the microcontroller, which in this 
case is equivalent to the battery voltage. 
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PV module voltage: 
𝑉𝑚𝑜𝑑𝑢𝑙𝑒 = 2 ∗ (𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 − 𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)    (24) 
where 
Vmodule is the PV module voltage 
 
Figure 42 Area 1 from the schematic overview showing the circuit to measure PV module voltage 
and battery voltage on the connection “ANALOG2”. 
 
5.2.2 Charge controller functions 
The PV module is connected to VDD 1 to 3 and GND 1 to 2. Once MOSFETs 
SI4922G$1 and SI4922G$2 are closed by pin ‘MODUL_MOSFET’ and 
A_MOSFET’ from the microcontroller, the battery can be charged assuming 
the module voltage is higher than the battery voltage. Once these two 
MOSFETs are open, charging is stopped, which would be the case as soon as 
the battery reaches its over-charge voltage of 3.5 V. During battery and 
module voltage measurement the charging must be interrupted for a few 
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milliseconds, which however does not significantly influence the charging 
process.  
Once the battery reaches its low discharge voltage of 2.9 V, the LED driver 
seen in Figure 41, Area 2 will be turned off by the microcontroller, which 
remains operational ready to recharge the battery again, as soon as the PV 
module experiences irradiation from the sunlight. 
5.2.3 LED driver 
The pin named ‘PWM_CONTROL’ is connected to the PWM module of the 
microcontroller. This module can create pulse width modulated signals with a 
defined on and off time. For this application 100 Hz was chosen because at 
that high frequency the human eye cannot detect flickering of the light 
anymore. This PWM signal is put on the base of PNP transistor Q2 as seen in 
Area 2 in Figure 41. This transistor is used to amplify the driving current for 
the eight subgroups of LED drivers as depicted in Figure 43. The LED driver 
itself is based on two NPN transistors Q9 and Q10 while the LED current is 
driven by the NPN transistor FZT689B. The circuit around Q9 and Q10 
provides a stabilized input driving current to FZT689B which is not dependant 
on the supply voltage of the solar street light. The advantage of the FZT689B 
is its low on-resistance of RCE(sat) = 92 mΩ at 3 A driving current. 
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Figure 43 One out of eight LED driving circuits used for the solar street light. 
 
5.3 Prototypes and testing 
After completion of the charge controller electronics development, 30 street 
light prototypes were built and partially hand-assembled. Thorough testing and 
efficiency measurements were then carried out. 
5.3.1 Efficiency measurements 
The charge controller efficiency depends on its handling of the currents from 
the PV module and to the LED driver, which then provides a constant current 
to the LED array. Efficiency of the charge controller is a measure to determine 
how much of the energy from the PV module can be stored in the battery 
(charging efficiency) and later be used for powering the LEDs (load 
efficiency). 
In order to validate the efficiency of the solar charge controller circuit 
laboratory tests were conducted under maximum power point ratings of the 
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PV module used for model 1 (10 Wp) and model 2 (20 Wp). In order to 
determine the charging efficiency of the solar street light controller, the 
voltage drop (VMdrop1-2) over SI4922G$1 and SI4922G$2 (see Fig. 42, Area 1) 
were measured to AGND of the battery. The measurement tool used for this 
was the Tektronix TDS2002C Oscilloscope with an accuracy of ±2 mV. The 
current was measured using the ISO Tech IDM72 with an accuracy of ±6 mA. 
The efficiency can be calculated referring to the battery voltage. 
Efficiency solar charge controller: 
𝐸𝑓𝑓𝐶𝐶_𝑖 = 100 −
100
𝑉𝑏𝑎𝑡𝑡
∗ 𝑉𝑀𝑑𝑟𝑜𝑝1−2     (25) 
Results show that the charge controller efficiency for model 1 is around 97% 
at a charging current of 2.14 A, while model 2 reaches 94% at a charging 
current of 4.28 A (see Figure 44). 
 
Figure 44 Solar charge controller circuit efficiency measurement for model 1 and model 2. 
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Efficiency for the LED driver can be determined based on the voltage drop 
(VTdrop) over the transistor that controls the constant current through the LED 
measured to AGND of the battery. Therefore the voltage drop over transistor 
FZT689B (see Figure 43) was measured. The average driving current over this 
transistor depends slightly on the battery voltage. Therefore the efficiency 
varies with the battery voltage and the actual driving current. Another factor 
that influences the efficiency is the PWM duty cycle ratio as can be seen in 
Figure 45.  
Efficiency LED driving circuit: 
𝐸𝑓𝑓𝐿𝐸𝐷 = 100 −
100
𝐵𝑏𝑎𝑡𝑡
∗ 𝑉𝑇𝑑𝑟𝑜𝑝     (26) 
The measured efficiency is shown in Figure 45. The efficiency for the duty 
cycle 89.5% (bright mode) ranges between 89 to 96%, depending on the 
battery voltage. Once the duty cycle is at 18% (dimmed mode) the range is 
between 88 and 96%. 
 
Figure 45 Measured efficiency of the LED driver developed for the solar street light. 
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Total average efficiency of the different models was calculated with the 
following equation depending on the different charging currents of the 





    (27) 
Total efficiency of the two models is 95.1% for model 1 (v400) and 93.4% for 
model 2 (v800). 
 
Figure 46 Total efficiency combining charging and LED driver efficiencies of the solar street light 
PCB. 
 
5.4 Serial production 
In order to improve the assembly and testing efficiency of the serial 
production, the PIC16LF1823 is pre-programmed before assembly to the PCB. 
This ensures that proprietary software codes are not compromised, which are 
key elements of this development. Before the PCB leaves the manufacturing 
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company an automated function test is performed in order to ensure proper 
operation of the LEDs and the PIC IC. 
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Chapter 6: Degradation test of System components 
The importance of reliability testing on component level becomes more and 
more a topic in international product development. Large companies even 
built up their own test centres to ensure the quality of components being used 
in their products while other companies see this as their main business model 
and offer such services to external companies. Especially when sourcing 
components from second or third tier manufacturers, quality can vary 
significantly. The critical components for the solar street light are the LiFePO4 
battery, the LED and the PV module. Therefore testing of these components 
was done in SERIS’ laboratories. 
6.1 Battery degradation 
In general, the battery degradation strongly depends on throughput during 
operation and storage time at a certain temperature, but also on the material 
quality of the battery. For the first two aspects, long-term tests are required to 
investigate the performance. For the third parameter (the material quality) an 
initial capacity test can yield good results. Capacity tests of different manu-
facturers of LiFePO4 batteries had been previously performed at SERIS. Based 
on these results, shown in Figure 47, and considering the price ratio of 
US$/capacity the supplier for the battery cells was chosen. Figure 47 shows 
that manufacturer C even provides more than 100% initial capacity as 
compared to its datasheet. 
Long-term cycling tests were also performed on various battery samples, 
including the one type chosen earlier. The parameters for this test were set to 
be close to recommended test conditions for LiFePO4 [43] with voltage ranges 
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from 2.5 to 3.7 V, charging currents of 1C and an ambient temperature around 
25 – 30°C (see Figure 48). Figure 48 reports findings from the first 1,000 
cycles. The depth of discharge was 98% with 0.5C charging rates at ambient 
temperatures ranging from 25 to 30°C, where manufacturer 2* shows the best 
degradation values for the first 1,000 cycles. This manufacturer happens to be 
the same as manufacturer C in the initial capacity test, confirming again the 
good quality of the battery with a low degradation and high initial capacity 
values. Fluctuations of the normalized degradation values come from the 
varying room temperature which could not be kept constant because of the 
central air conditioning control. Measurement results without fluctuation were 
taken at times with constant room temperature. 
 
Figure 47 Initial capacity test for LiFePO4 batteries from different manufacturers (nominal 1.4 Ah 
capacity). Manufacturer C showed more than 100% initial capacity compared to the datasheet 




Figure 48 Long term degradation tests measured by cycling the LiFePO4 battery samples at 0.5C 
and ambient temperatures between 25°C and 30°C. The depth of discharge was 100%. 
 
In previous work at SERIS, T. Kaufmann developed an algorithm that predicts 
the aging of the selected battery, based on ambient temperatures, storage times 
and throughput of energy. This algorithm [38] was reported in Chapter 
2.1.4.3.2.3 and was computed based on simplified possible constant operating 
temperatures of 25, 40 and 60°C and a throughput of energy based on model 1 
as described in Chapter 3.3. Results in Figure 49 show that the computed 
values deviate significantly from measured values under long-term testing in 
thermal chambers at SERIS. These tests were conducted at different charge 
current rates, which, however, cannot explain the large deviations. Therefore it 
is recommended to not fully rely on the current degradation model for 




Figure 49 Computation of capacity loss over time based on the solar street light application data 
assuming temperatures of 25, 40 and 60°C compared to SERIS measurement results in thermal 
chambers (blue, green and red). 
 
6.2 LED degradation 
LED reliability testing was introduced in Chapter 2.1.4.4.1. Selection para-
meters for the LED were efficiency, availability, price ratio in lm/US$ and 
long-term performance. The manufacturer of the selected LED based on the 
first three criteria made reliable LM-70 test reports available that allowed to 
verify the reliability of their product based on long-term degradation test 
results. Additional testing was carried out at SERIS in order to verify the 
performance under operating conditions of the solar street light with smaller 
driving currents and a thermal management solely relying on the PCB layers, 
while at the same time comparing the selected component to other low-cost 
suppliers. For this purpose LED degradation test boxes were developed and 
built. They consist of an enclosed plastic box that prevents ambient light from 
outside to enter the plastic box. The dark box was equipped with a constant 
current source from a DC power supply with a stable voltage output. A 
SFH5711 ambient light sensor from OSRAM was used to detect the light 
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output from the LED. A schematic of this sensor and the connections are 
shown in Figure 50. The resistor R6 is used to measure the voltage drop 
caused by the sensors’ generated output current, which is proportional to the 
illumination. The PCB with the LED is fixed at the inside of the plastic box so 
that the location is not changed during the measurement. With this setup it is 
not possible to measure the total light output in lumen because of low 
reflection values of the walls inside the box but it is possible to measure the 
relative degradation over time which is sufficient for the purpose here. 
Measurement data were logged every hour and are shown as normalized 
values in Figure 51. 
 
Figure 50 Schematic of the ambient light sensor SFH5711 used to measure the degradation of 
luminance over time during the LED test. 
 
It can be seen that LEDs from certain manufacturers, that coincidently also 
come with lower component cost, show an unstable performance within the 
first 10,000 hours of the test. Some of them seem to degrade rapidly and then 
recover to a certain point but never reaching initial values again. This 
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degradation can be related to the factors discussed in Chapter 2.1.4.4.1 but 
cannot be pinned down to a single cause because this has not been investigated 
in this test. The selected LED shows good performance without measurable 
degradation during the first 10,000 hours. 
 
Figure 51 LED measurement reports showing normalized degradation values over time. It can be 
seen that some LEDs have a poor performance (rapid degradation) while the selected LED shows a 
stable performance without degradation during the first 10,000 hours. 
 
6.3 PV Module testing 
The PV module manufacturer provides a full set of characteristic flash test 
results for each module produced for the solar street light, combined with a 
serial number laminated into the PV module. Additional performance tests at 
STC were performed for each of the two PV module versions (~10 Wp and 
~27 Wp) sourced from the chosen supplier. As an example, Figure 52 shows 
test results from the in-house test facility at SERIS for the previous version of 
the 8 Wp (new version ~10 Wp) PV module. Measurement discrepancy for the 
maximum output power measured by the manufacturer and SERIS was 2.9%. 
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Figure 52 PV module test results from SERIS’ PV module testing facility showing the I-V curve 
and power curve of the module. 
 
Additional outdoor exposure tests were performed to ensure suitability for 
tropical conditions with a focus on delamination of the Ethyl Vinyl Acetate 
(EVA) layers and glass around the edges of the PV modules (see Figure 53). 
 
Figure 53 PV module exposure test at SERIS to check for delamination of the EVA layers. 
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Chapter 6 discussed the long-term degradation aspects of the three key 
components of the solar street light: LiFePO4 battery, LED and PV module. 
The battery and LED were selected based on long-term degradation tests with 
different manufacturers, which are mainly influenced by temperature. The PV 
module on the other had was selected based on delamination outdoor tests and 
flash test result verification by using the manufacturers’ test results and 
comparing them with in-house test results at SERIS.  
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Chapter 7: Development of Software 
This chapter focuses on the documentation of the main software tools that 
were developed in this work. The core of the software development was done 
by M. Paezold in 2011, but got significantly adapted and modified here for the 
solar street light, based on recent research findings [38] on battery charging 
algorithms. The software was designed to be easily adaptable to new require-
ments (like adding a new voltage measurement), by modifying the appropriate 
layers as described in Chapter 7.2. A complete overview of the existing 
software can be accessed from M. Paezold's Bachelor thesis [59]. 
7.1 IPO Model 
The Input-Processing-Output Model is widely used in software development. 
By using this model it is easier to keep an overview of the software structure 
and to avoid programming errors. For example an input can be the battery 
voltage measurement. Processing will convert the binary value to the real 
battery voltage value and the software will decide on the next steps based on 
several parameters, such as day or night, for the operational logic of the lamp. 
Output then follows the next steps, for example gradually “turn off the load” 
because of a too low battery voltage so that the battery does not get deep 
discharged. IPO-models also have a storage part for storing information that 
was gathered through the system. 
An important aspect of the IPO-model is that the output process can only be 
carried out if the other two processes “input” and “processing” are completed. 
The same is true for the “processing” process; it can only be carried out once 
the information from the “input” process is available. 
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7.2 Software layers 
The developed software consists of four layers; see Table 13, which are 
connected with defined interfaces. The lowest layer is the so-called ‘low 
drivers’. Low drivers are hardware specific settings that vary from micro-
controller to microcontroller. The second layer is called ‘high driver’, which 
performs calculations on the hardware level with binary values resulting from 
hardware measurements. The ‘software parts’ is the next higher level that 
determines the status of different functions such as the dimming function. The 
highest level ‘software packages’ consists of software parts that are commonly 
used and can be accessed from anywhere in the software. 
Table 13 Overview of the four layers used for the solar street light management software. 
Layer Description Function 
4 Software Packages Commonly used software packages 
3 Software Parts Determination of function status 
2 High Drivers Calculations based on hardware level 
1 Low Drivers Hardware specific settings 
 
7.3 Overview of main functions 
Figure 54 shows the flowchart of the solar street light with its main functions 
such as initialization of the microcontroller hardware modules.  
After connecting the battery with the PCB the microcontroller starts up with a 
defined 10-second delay to fully charge the large capacitor connected to the 
motion sensor. Initialization then follows with defined values in order to 
properly set the hardware modules of the microcontroller for the endless loop 
of the software which handles all the solar street light functions such as day 
and night operation.  
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Figure 54 Solar street light software flowchart with the main functions and the endless loop of the 
solar street light controller. 
 
7.3.1 Adapted main functions 
This chapter only focuses on the adapted main functions and does not fully 
cover the previously existing software parts, however gives a short overview 
on the main functions that were changed in this work. 
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Table 14 Overview of the functions used for the solar street light controller and adaptions made in 
this work during the development. 
 
Table 14 shows all the functions used in the software for the solar street light. 
Most of them were adapted here in order to add more capabilities to the lamp 
such as an automatic start of the lamp after installation by the end user or, for 
example, to add slower dimming intervals to the lamp.  
7.3.1.1 Package mode 
The function “Package_mode” was necessary in order to be able to transport 
the solar street light fully connected to the battery and solar module. The 
package function updates a status variable based on if there was motion 
detected from the motion sensor, and while the solar module signals that there 
# Function name Adaption made
1 SoftPackage2_initialize







decrease measurement frequency to one per 
minute












implemented timer for light duration in full 
brightness
3.5 Motion_detection_Bit Processing
variable to store information if movement was 
detected by the motion sensor, 
implementation of timer for 40s bright / 20s 
dimming down










variable read out for package mode (lamp 
automatically on/off after installation)
5 SoftPackage3_Timer Output increment timer values minutes and hours
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is daylight. Previously this was done by only checking the motion sensor 
signal, but that mode had caused problems during shipments because of error 
signals from the motion sensor. This was potentially caused by screening at 
the customs, which lead to the fact that some of the lamps were already turned 
“on” or even arrived deep-discharged at the customer. Therefore shipment of 
the lamps had to be done with the battery fully disconnected before this 
adaption was implemented. This had the disadvantage that the end customer 
had to open the lamp and connect the battery before installation. 
7.3.1.2 Module count 
In order to avoid overcharging of the battery, the function 
“Get_Module_Voltage” was adapted in order to decrease the frequency of the 
PV module voltage measurement. The problem was that during every 
measurement of the module voltage the battery was charged for a short period 
(1 second) during day time. Eventually this could lead to overcharging and 
had to be eliminated by decreasing the measurement frequency to once per 
minute. 
7.3.1.3 Timer for lighting duration 
The solar system dimensioning (see Chapter 3) was based on certain assumed 
duration for full brightness and dimmed brightness. Therefore it was necessary 
to reflect these durations in the software to make sure that the end user does 
not over-use the lamps’ battery capacity. The newly implemented timer 
function “SoftPackage3_Timer” tracks the time during which the lamp 
operates in bright mode and limits this time to four hours for model 1 and 
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model 2 and thereafter only allows dimmed operation until a sunrise is 
detected by sensing the PV module voltage. 
Chapter 7 covered the input-processing-output model on which most software 
in embedded systems is based on and how it is implemented into the advanced 
solar street light controller. An overview of the main functions and the 
adaptions made during the development stage of the lamp are shown and 




Chapter 8: Fabrication of prototypes and field test 
In order to verify the solar street light design with all its’ aspects, such as 
system design, housing design and assembly of the system, 30 complete 
prototypes were assembled at the SERIS workshop, as can be seen in Figure 
55. The different components were manufactured by selected companies from 
different countries with the aim to develop a supply chain that later can also be 
used for the mass production. In addition, the suppliers were tested for their 
product quality and tolerances. 
 
Figure 55 Prototype assembly of 30 lamps at SERIS. The picture shows the assembly step of the 
PCB plastic box to the bottom part of the housing. 
 
8.1 Datalogger 
10 out of the 30 lamps (for cost reasons) were equipped with dataloggers and 
modified PCBs to track the following parameters under real operating 
conditions:  
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 Battery voltage; to determine if the lamp works within pre-defined 
voltage levels 
 LED voltage drop; as an indicator for how long the lamp is in use 
during night time. A high voltage drop indicates the lamp works in 
dimmed mode because of detected activity while a low voltage drop 
indicates the bright mode 
 Temperature within the housing; to verify the cooling concept and if 
the lamp can be operated within the anticipated temperature levels for 
the battery.  
The modified PCBs were developed in cooperation with two internship 
students at SERIS under the author’s supervision, Jonathan Linz and Jonathan 
Terfurth from the University of Stuttgart, Germany. Locations of the global 
field test can be seen in Figure 26 while some locations had several test lamps. 
8.2 Field test results 
The results of the global field test confirmed our design approach, as detailed 
below.  
8.2.1 Battery voltage and LED voltage drop 
The battery voltages did never reach critical limits during the entire test 
duration, although the lamps were active during the entire night hours. As an 
example, Figure 56 shows the battery voltage of the lamp in Ethiopia during 
day 0 to day 35 of the total 3-month test period. The LED voltage drop was 
often below 2.0 V, indicating that the LED was operated in bright mode. 
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Figure 56 Measurement results for one of the 10 test sites (here Ethiopia) during day 0 to 35. 
 
8.2.2 Housing temperature 
Results for the overall temperature within the lamps proved that it mostly 
stayed below 40°C. Only one location in Singapore showed short peak 
temperatures above 50°C during hot days in the afternoon, as can be seen in 
Figure 57. These high temperatures compared to Figure 58 were caused by the 
different environmental conditions of the two setups, as shown in Figures 59 
and 60. One was located at a well-ventilated open area (Figure 60), while the 
other was set up directly next to a flat metal roof that got extremely hot (> 




Figure 57 Temperature during 148 days of the field test in Singapore. 
 
 
Figure 58 Field test results showing temperature inside the lamp from Singapore on a well-




Figure 59 Solar street light field test in Singapore next to a metal roof top with high temperatures. 
 
 
Figure 60 Field test set up on a roof top in Singapore on a well-ventilated test site. 
 
Chapter 8 reported about the assembly of the first 30 solar street light proto-
type lamps, which was done at SERIS. By equipping 10 of the 30 lamps with 
dataloggers to track system-relevant system indicators such as battery voltage, 
activity below the lamp and temperature within the housing it was possible to 
evaluate the overall system performance in different global test sites.  
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Chapter 9: Planning of first production run 
The shift from prototype production to serial production is a critical stage in 
any product development project. While in the prototype stage it is possible to 
still correct for small irregularities in the design, this is not the case anymore 
when ramping up the production. This means that the design has to be 
finalized before moving into the serial production. This can lead to delays in 
the time to market, but at the same time will potentially save a lot of cost as 
generically shown in Figure 61.  
 
Figure 61 Cost of design changes in relation to product development phase (traditional develop-
ment) [26]. 
 
In fact, the Pareto principle can also be observed here since 80% of the 
development tasks can be completed in 20% of the total project time. But at 
the same time, the remaining 20% of the development take up 80% of the time 
to get a product ready for serial production [19, 57]. 
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9.1 Main areas of serial production 
The main areas to focus on when moving a product from prototype stage to 
serial production are:  
 Finalization of product design  
 Development of supply chain 
 Selection of suppliers 
 Inventory management 
 Set up of production line including documentation such as bill of 
materials (BOM) and development of work instructions (WI) 
9.1.1 Finalization of product design 
After the prototype assembly, the housing design was slightly changed in 
order to fix the battery pack in a more stable position by adding two small pins 
on the inside of the bottom part of the lamp to hold the battery pack in position 
(see Figure 62). Additionally, the decision was made to switch to sheet metal 
and extrusion parts instead of complete die cast housing. Main cause for this 
was that the supplier could not keep the tolerances for the housing because of 
challenging workmanship on the mould.  
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Figure 62 Pins to hold the battery pack in place, added after first prototype run. 
 
Another change introduced after the prototype production was with reference 
to the mounting clamp used to attach the lamp to the pole. Previously a plastic 
coated metal band was used, which made it difficult for a single person to 
install the lamp. Figure 63 shows how the lamp eventually is fixed to the pole. 
The housing was adapted by using stainless steel ‘Helicoils’ (inserts) to 
support the threads in the aluminium housing for the safety screws used to 
mount the lamp to the pole. 
 
Figure 63 Mounting clamps introduced after first prototype production run. 
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9.1.2 Development of supply chain 
Development of the supply chain was based on the decision of the team to set 
up production in Bangkok, Thailand in cooperation with a local original 
equipment manufacturer (OEM) because of its close proximity to Singapore 
and the low labour cost (refer to Table 6, Chapter 2.2.6.3). Some of the 
components used for the lamp could not be sourced from the local market and 
had to be imported from overseas. These goods are: PV modules, LiFePO4 
batteries, safety screws and others. When developing the supply chain it was 
important to keep the following criteria in mind: cash flow, lead times, 
minimum order quantities, transport costs, storage costs and import taxes. The 
goal was to optimize these parameters so that the cost would stay low without 
risking an interruption of production because of material shortage and to 
maintain the production schedules. 
9.1.2.1 Selection of suppliers 
The selection of suppliers was based on several factors. One important factor 
considered was the supply chain attractiveness as evaluated in Chapter 2.2.6.3 
in Table 6, where Coastal China is mostly ranking on a high position. 
Therefore the decision was made to select one reliable company from this 
region for sourcing and order through them most of the parts that could not be 
sourced from the Thai market. Critical items in terms of high quality such as 
LEDs and microcontroller were sourced in more developed markets such as 
Japan and Germany. 
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9.1.2.2 Inventory management 
Cycle stock and average cycle stock investment were calculated for all items 
of the BOM based on either minimum order quantity (MOQ) or quantities that 
can cover at least one lead time (LT) period. Table 15 shows the calculated 
values for the three different printed circuit boards used in the different models 
in order to show the principles of the cycle stock and average cycle stock 
investment calculations. These calculations were done for all parts in order to 
get a figure for the total investment cost of the supply chain. 
Table 15 Cycle stock and average cycle stock investment calculation for three different PCBs. 
 
The demand forecasts in Table 16 and Figure 64 show that during the start-up 
phase of the solar street light it was almost impossible to make good forecasts 
on how many items will be sold due to the low volumes where single orders 
can change the needs for inventory.  During the start-up phase sales channels 
had to be developed and therefore it is not surprising that the reported numbers 
show a high forecast error and therefore also a low forecast accuracy for the 
first shown 21 calendar weeks of operation. Numbers in the sales forecast had 
to be corrected several times in order to be able to supply components for the 
production line. But it is also important to mention that the overall trend line 



























2 FG-00153-A COMMLIGHT400 PCBA with cable 40 2 95% 1.64 8.34 25 208.60
4 FG-00154-A COMMLIGHT800 PCBA with cable 40 2 95% 1.64 8.34 150 1,251.60
6 FG-00155-A
COMMLIGHT800XL PCBA with 
cable 40 2 95% 1.64 8.34 75 625.80
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Figure 64 Comparison of sales forecast and actual sales for a period of 21 weeks during start-up 
phase of the solar street light. 
 
Table 16 Calculated numbers based on real sales forecast numbers and the corresponding actual 
sales for the 21 first weeks of the solar street light production. 
 
The total safety stock required strongly depends on the demand forecast. A 
high forecast error would result in a high safety stock demand value as can be 
seen in Table 17. Using the calculated forecast error of 102.92% will certainly 
cause financial challenges for the supply chain. This was the reason why 
during the start-up phase safety stock numbers were not taken as forecasted 
and had to be reduced to approximately two weeks worth of production 
volume. Nonetheless the safety stock supply and demand values are reported 
and added up resulting in the total safety stock values recommended by 
literature, to establish the systematic for the time when the demand forecast 










All CWs 834 411 102.92% -2.92%
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Table 17 Safety stock calculations based on the reported 102% demand forecast error resulting in 
very high recommended stock values which would be a big burden on the funds tied-up in the 
supply chain. 
 
For comparison, and assuming a demand forecast error of only 5% and a 
forecast accuracy of 95%, Table 18 shows the calculated values for a more 
optimistic scenario in the future with much lower values for safety stock and 
total safety stock. This can potentially be achieved by implementing a solid 
database of recent sales, sales funnel (tracking of enquiries), customer 
commitment and larger projects as base load. 
Table 18 Scenario based on 5% forecast error and 95% forecast accuracy resulting in much lower 
safety stock values. 
 
9.1.3 Documentation and set up of production line 
Set up of the production line was done in close cooperation with the local team 
at the OEM factory. Before starting the first prototype serial run it was 
necessary to introduce the team to the product, the assembly steps and develop 
the BOM and assign product names and codes to each component. Based on 



















































with cable 40 2 95% 1.64 8.34 25 208.60 0.83 1.67 1,084.10 1,085.76
4 FG-00154-A
COMMLIGHT800 PCBA 
with cable 40 2 95% 1.64 8.34 150 1,251.60 5.00 10.00 1,084.10 1,094.10
6 FG-00155-A
COMMLIGHT800XL PCBA 































































with cable 40 2 95% 1.64 8.34 75 625.80 2.50 5.00 53.14 58.14
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for the assembly workers which later had to be translated into Thai language 
for better understanding. The WIs are structured into several subgroups 
depending on the order of assembly steps. The product was designed in a way 
that it is possible to do parallel assembly steps, in case sufficient manpower is 
available, at the same time in order to decrease total assembly time of the 
product. 
 
Figure 65 Example for work instructions that were developed in cooperation with the OEM 
manufacturer in Thailand. 
 
DOCUMENT NO PAGE 3/9
TITLE REVISION 3
PREPARE REVIEW APPROVE ISSUE DATE 31/10/13
1.0 Machine & Tooling 
1.1 Crimping tool 1.2 Stripping tool
2.0 Process
2.1 Crimp the connector by using the crimping tool (size 1.25) 2.2 Get the S shape and the top case with the same mark. 
at the solar module. Make sure that you use the correct battery (12,8Ah) with the
Red Cable --> Red connector PCB of the Commlight 400 (Version 237 ... / 4 LEDs).
Black cable --> Blue connector Put the battery in the box like seen in the picture below.
Wrap one connector with tape to prevent from short circuit.










Figure 66 OEM production in Thailand with one of the first solar street lights produced. 
 
Chapter 9 guided through the finalization of the lamp design and its com-
ponents. Based on the proposed design the supply chain was developed and 
suppliers were selected. An inventory management system was implemented 
in order to evaluate the total investment cost for establishing the supply chain. 
Low forecast accuracy, however, required several changes in supply chain 
planning, to make sure that not too much stock is at hand in the warehouse. In 
addition to the supply chain, work instructions for the production line were 
developed to ensure proper assembly and to make sure that standard 
procedures are in place to ensure a stable output with verified quality.  
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Chapter 10: Summary and Conclusions 
The main purpose of this thesis was to conduct research on new and 
innovative solar-powered street light. Special attention was given to the 
optimisation of the software towards high efficiency, the selection and testing 
of high-performance yet low-cost components and the design of an IP65 
housing with a passive cooling concept. In addition, the results from the 
prototype test phase with 30 lamps were presented and implementation 
planning (and partial execution) of the initial serial production and the supply 
chain management was described.   
10.1 Conclusions 
In Chapter 3 the dimensioning of different sizes of the solar street light was 
carried out, based on the expected power consumption of the lamp. This 
included sizing of the PV modules and optimum matching with the battery 
voltages so that the system could be operated with a near maximum power 
point operation, which has higher efficiencies than conventional maximum 
power point trackers (MPPTs). 
Chapter 4 introduced the proposed double housing concept, which ensures 
safe and reliable operating conditions for the electronics, the solar modules 
and the LiFePO4 batteries. By enabling a passive ventilation air flow through 
the lamp, based on the Trombe chimney effect, the temperature within the 
housing remains up to 5°C cooler compared to commercially available 
streetlight products.   
Chapter 5 described in detail the different parts of the electronics used for the 
power management of the solar street light and charge control of the battery. 
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Measurements of the charge / discharge and LED driver efficiencies helped to 
verify the achievement of the targeted efficiency levels. Modifications on the 
PCB were introduced in order to optimise heat management and eventually 
also manufacturability. 
Chapter 6 summarised the research on the LiFePO4 battery behaviour under 
typical stand-alone PV applications as well as the selection process for the 
battery type and manufacturer. Long-term degradation tests showed that the 
selected battery manufacturer is reliable and that the expected lifetime in 
operation is more than 5 years. A model of the battery degradation behaviour 
under real operating conditions was adapted; however it was not able to 
predict the degradation process with sufficient accuracy. 
Chapter 7 discussed the software structure and the introduced adjustments to a 
previous version, such as implementation of a “package mode” for shipment 
periods, a module voltage measurement counter to decrease the measurement 
frequency and a timer that prevents potential overuse of the lamp, which 
would lead to the lamp switching “off” during the morning hours. Under the 
revised scheme, the software will pre-cautionarily go into “dimming mode” in 
order to ensure that the lamp at least can operate all night long in dimmed 
mode until the next sunrise. 
Chapter 8 reported about the field test results of the 30 prototypes, which 
showed that the system design is appropriate for all targeted climate 
conditions, which is mainly the sunbelt region. 
Lastly, Chapter 9 guided through the development of the supply chain 
management by addressing inventory management, demand forecast errors 
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and safety stock values. In addition, the initial production planning was 
described, which included - among others - the development of work 
instructions. 
In summary, it can be concluded that the developed solar street light fulfils the 
expectations from the market. The lamp enables the end user to have a 
reliable, solar powered street light which is still affordable at the same time. 
The product was developed based on state-of-the-art commercial technologies. 
The technological foundation has been laid and the supply chain setup 
established in this work. The immediate next steps are to ramp up production 
and to increase sales of the product in the world market. The future will then 
show how fast this market can grow and to what extent this lamp will play a 
role in it. 
10.2 Possible future research 
Further feedback from the market has shown that it would be useful to also 
have a model with higher brightness than the existing three types. Public 
tenders often state a minimum luminous flux of 3,200 lumen in order to 
qualify as a supplier. Therefore it is recommended to focus future product 
developments towards this value. This would consequently increase the 
overall size of the PV module and the battery pack, and hence require some re-
design of the current product. Potentially it would then also make sense to 
change to a higher system voltage of 12 or even 24 V, to reduce power losses 
and keep the system efficiency high. When increasing the system voltage it 
will be necessary to add a so-called charge equalizer, to ensure that none of 
the cells connected in series in a battery pack gets over-charged, thus enabling 
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long lifetime. For larger lamps it may also be worthwhile to add optical 
features (e.g. lenses) that enable a better overall light distribution on the 
ground, as it is common practice in larger grid-connected LED street lights.  
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